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Abstract
Since the first discovery of an exoplanet in the 1990s, the number of confirmed exo-
planets has increased exponentially, with several ground-and space-based missions
dedicated to exoplanet detection. Most of these detections have been obtained via
indirect methods, in which the presence of the exoplanets is derived by its effect on
the host star. Direct detection methods, in which the exoplanet is observed directly,
are still in the background, but the improvement of hardware and software tech-
niques is progressively closing the gap with the most successful detection methods.
The Extremely Large Telescope (ELT) is one of the most anticipated telescopes of the
next years. With its 39m diameter, it will be the biggest eye on the universe in the
optical/infrared range. It will be equipped with three state-of-the-art instruments:
HARMONI (the high angular optical and near-infrared spectrograph), MICADO
(the imaging camera for deep observations) working in tandem with MORFEO (the
multiconjugate adaptive optics system), and METIS (the mid-infrared imager and
spectrograph). One of the main science cases for the latter is direct detection of ex-
oplanets, and, for this purpose, it will be equipped with two of the most advanced
coronagraphs, the apodized phase plate (APP) and the vortex coronagraph (VC).
In this dissertation, we present the results of our work on the preparation of the
high-contrast imaging modes of METIS. The coronagraphs are optimized for the in-
strument wavebands, and end-to-end performance simulations are performed for
several instrumental and environmental parameters. The expected observational
capabilities of the METIS instrument show the great leap in sensitivity to faint com-
panions in the thermal infrared regime that the instrument will enable.
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Resumé
Depuis la découverte de la première exoplanète dans les années 90, le nombre de ex-
oplanètes confirmées a augmenté exponentiellement, avec plusieurs missions dédiées
à la détection d'exoplanètes. La plupart de ces détections ont été obtenues via des
méthodes indirectes, où la présence de l'exoplanète est dérivée par son effet sur
l'étoile hôte. Les méthodes de détection directe, pour lesquelles la planète est ob-
servée directement, sont encore en second plan, mais l'amélioration des techniques
de hardware et software permet de combler la distance avec les méthodes les plus
fructueuses. Le Extremely Large Telescope (ELT) est l'un des télescopes les plus
attendus dans les prochaines années. Avec un diamètre de 39m, il représentera le
plus grand œil sur l'univers depuis la Terre. Il sera équipé de trois instruments
de pointe: HARMONI (le spectrographe à champ intégral en visible et proche in-
frarouge), MICADO (la caméra observant dans le proche infrarouge) en collabora-
tion avec MORFEO (le système d'optique adaptative), et METIS (le spectrographe
imageur en moyen infrarouge). Un des objectifs de ce dernier instrument est la dé-
tection directe d'exoplanètes, et il sera donc équipé de deux coronographes parmi
les plus efficaces, la Apodized Phase Plate (APP) et le Vortex Coronagraph (VC).
Dans cette dissertation, nous présentons les résultats de notre travail sur la prépa-
ration des modes d'imagerie à haut contraste de l'instrument METIS. Les corono-
graphes sont optimisés pour les longueurs d'ondes de l'instrument, et les perfor-
mances sont simulées de bout en bout pour plusieurs paramètres instrumentaux et
environnementaux. Les capacités observationnelles attendues de METIS montrent
le grand bond en sensitivité pour la détection de compagnons faibles dans le régime
de l'infrarouge thermique.
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Chapter 1

Introduction

Since the first discovery of an exoplanet in the 1990s, the interest around possible planets
orbiting other stars has increased exponentially. Several ground- and space-based telescopes
have been designed and built with as major objective to detect exoplanets: from the James
Webb Space Telescope (JWST), to the Extremely Large Telescope (ELT), with many more
small-scale experiments like the TRAPPIST telescope. The increasing number of discoveries
has fed the exoplanetary science field with crucial insight about planet formation, their evolu-
tion, their structure. If biosignatures have not been detected yet, the continuous improvement
of hardware and software techniques has certainly made it closer. The first (and most) ex-
oplanets have been detected via indirect methods, which analyse the effect of the companion
on the parent star. These methods have been extremely successful over the years, leading to
the discovery of almost 5000 exoplanets, between ground- and space-based projects. Between
them, the Kepler space telescope has certainly broken all records, by detecting 2662 confirmed
exoplanets (as of 05/2022).

1.1 Context of the thesis

The detection of exoplanets has inspired many researchers for years, leading to the
first ever detection around pulsar PSR B1257 +12 (Wolszczan et al., 1992) and the first
exoplanet around a Sun-like star, 51 Peg (Mayor et al., 1995). In less than 30 years,
the number of confirmed exoplanets has jumped to more than 5000 (as of 07/2023,
see Fig. 1.1) with many more still in the confirmation process.

Figure 1.1 shows the number of exoplanets detected per year and per detection
method. The big majority of these exoplanets have been discovered via indirect
methods (see Sect. 1.3), in particular transit and radial velocity. The launch of the
James Webb Space Telescope (JWST), and the planned construction of three giant
segmented mirror telescopes, among which the Extremely Large Telescope (ELT),
are creating the perfect environment for a substantial increase in these numbers.
The study of exoplanets has two major objectives: to establish a more complete un-
derstanding of the existing exoplanets and planetary systems; and to constrain the
formation and evolution process of these objects. An implicit wish is to find exoplan-
ets similar to Earth, that could shelter life. From these two objectives, we can derive
two major observational components: the first one consists in detecting exoplanets
(with indirect, see Sect. 1.3, and direct, see Chapt. 2, techniques), and the second
one is the characterisation of these objects (mass, radius, orbital parameters, chemi-
cal components), mostly done by integrating several techniques (detection methods
and spectroscopy, for example). Both are strongly linked to the theoretical aspects of
the exoplanetary science, whose fundamentals are presented in Sect. 1.2.
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FIGURE 1.1: Number of confirmed exoplanets detected per year per
detection method (up to July 2023). The high number of detected ex-
oplanets in the latest years via transit is mostly due to the space tele-
scope Kepler, which has discovered more than 2000 planets since its
launch in 2009. Credits: Caltech https://exoplanetarchive.ipac.

caltech.edu/exoplanetplots/.

1.2 Exoplanets

The definition of a (exo)planet has been debated over the years. Not every object
orbiting around a star is a planet: the most famous example is the declassification
of Pluto as a dwarf planet following the International Astronomical Union (IAU)
definition of a planet. For the IAU, a planet is an object:

1. orbiting around a star (as the Sun) or an evolution of a star (as a pulsar or a
white dwarf);

2. with a mass sufficently large to develop a spherical shape due to its gravity;

3. it must have cleared the neighborhood around its orbit;

4. with mass lower than „ 13MJup (corresponding to the minimal mass to start
burning deuterium). Between „ 13MJup and „ 80MJup (minimal mass to burn
hydrogen), the celestial object is defined as a brown dwarf.

This last distinction between a planet and a brown dwarf, linked to the mass of
the object, is more a practical one, because it is relatively easier to estimate the mass
of an object. However, from a theoretical point of view, two other characteristics
should be considered: the formation process and the internal structure and compo-
sition. Brown dwarfs are thought to be formed by gravitational collapse of a cold
interstellar cloud of gas and dust, as stars, and have a small quantity of metals. On

https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/
https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/


1.2. Exoplanets 5

the contrary, planets are thought to be formed in a circumstellar disk and their metal
fraction to be quite significant. Planets formed in a circumstellar disk with mass
higher than „ 13MJup have been detected, together with object with an accretion
disk (as stars) with a mass lower than „ 13MJup: this mass limit should therefore
not be considered as firm.

1.2.1 Exoplanet formation and evolution process

Planets are formed alongside the star, in a protoplanetary disk, built around the star
during the gravitational collapse of the cold interstellar cloud. This disk is formed
essentially of gas (hydrogen and helium), volatile elements (like water, methane, am-
monia, carbon monoxide, and carbon dioxide; with low condensation temperature,
between 10 and 200K), and refractory elements (like silicates and metals, as nickel or
aluminium, with high condensation temperature). It shows a temperature gradient:
close to the star, the temperature is so high that only gas is allowed, while further
away, because of the lower temperature, refractory elements are present in solid
form. Behind a certain distance from the star, called the snow line (which depends
on the temperature of the star itself), water and other volatile elements condense on
the dust grains.
At the beginning of the planet formation process, the dust grains about 1 ´ 10µm in
size settle on the disk plane. By collision and accretion (core accretion theory), these
grains create bigger objects (0.01 ´ 10m). Further collisions allow the formation of
planetesimals, km-sized objects kept together by their own gravity. The gravita-
tional force between these objects deviates their orbit, causing new collisions. A
subsequent phase of rapid accretion, called runaway accretion, forms planetary em-
bryos, of about 100km diameter. At this point, the biggest embryo grows by collision
with the neighbouring planetesimals, creating protoplanets of about few thousands
kilometer diameter. Inside the snow line, these protoplanets will evolve, by accre-
tion and collision, into terrestrial planets.

For the formation of giant planets in the circumstellar disk, two major theories
exist: the core accretion (see Fig. 1.2, a), and the disk gravitational instability (see Fig. 1.2,
b). In the core accreation theory (Safronov, 1969), a solid core of „ 5 ´ 10MC is formed
behind the snow line, by a rapid accretion of refractory and volatile elements. Now
sufficiently massive, the planetesimal traps the gas of the circumstellar disk. If this
gas layer is extensive, the planet is a gas giant (like Jupiter), while, if the gas in
the disk is rapidly exhausted, an ice giant is formed (like Nepture or Uranus). This
theory can explain several features observed in our Solar System together with other
planetary systems: the metal accumulation of Jupiter and Saturn with respect to
the Sun, a correlation between the presence of giant planets and the metallicity of
the disk, the small number of planets at big separation (ą 100AU), where the disk
density is weaker. However, the duration of the planet formation is of the same order
of magnitude as the typical lifespan of the disk, which is not compatible with the
presence of planets at larger separation (ą 20AU), for which the formation would
be too slow. A second issue is the presence of hot Jupiters, very close to the star: the in-
situ formation process cannot explain the presence of these planets, because, on one
side, the temperature in these regions is too high for solid particles to condensate to
create the solid core; and on the other side, the gas necessary to create these gaseous
planets is insufficient so close to the star, because of the star itself. The only possiblity
would be that these planets are formed far from the star and, through a migration
process, they are forced to migrate close in the inner region.
At least three different migration mechanisms have been proposed:
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FIGURE 1.2: Possible mechanisms for giant planets formation. a) By
core accretion in the protoplanetary disk, the dust grains collide to
form protoplanets (first and second image). Giant planets attract gas
(third image). The interaction between planets may lead to planet
migration and ejection. b) By gravitational instability, a zone of the
disk collapses to form a protoplanet. c) Companions can be formed
by collapsing of a fragmented molecular cloud, as for brown dwarves

and stars. Credits: NASA, ESA, and A. Feild (STScl)

1. Gravitational interaction between two or more Jupiter mass planets would re-
sult in the ejection of one or more planets, leaving one close to the star (Rasio
et al., 1996, Weidenschilling et al., 1996). However, this mechanism cannot
explain the high number of hot Jupiters.

2. Migration instability (Malhotra, 1993, Murray et al., 1998): the interaction be-
tween the planet and close planetesimals would force the planets to migrate
closer to the star, while ejecting the planetesimals outside. However, this would
imply a very massive disk, which is very unlikely.

3. Tidal interaction between the protoplanet and the gas (Goldreich et al., 1979,
Lin et al., 1979): the disk-planet interaction induces an angular momentum
exchange between the planet and the disk material. Three possible causes
have been identified: wave excitation (called type I migration, Ward, 1997, see
Fig. 1.3, a), a combination of wave excitation and shock dissipation (called type
II migration, Lin et al., 1986, see Fig. 1.3, b), and direct exchange with disk
material traversing the orbit (called type III migration, Masset et al., 2003)

The disk gravitational instability theory (Boss, 2001, see Fig. 1.2, b) allows to rapidly
create giant planets. In the disk, a gravitational perturbation causes an instability in
the disk itself, creating spiral pertubations (see Fig. 1.2, b, first image). The dust and
gas layer of the plane of the disk could reach, locally, a density sufficiently high to
form an object, a protoplanet, kept by its own gravity (see Fig. 1.2, b, second image).
This theory seems to work quite well for massive disks and planets at large sepa-
ration (mostly detected by direct methods). However, the high metallicity of giant
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FIGURE 1.3: Possible mechanisms for planets migration. a) Type I:
The migration is due to the interaction between a small body and the
disk gas. a) Type II: The migration is caused by the contraction of the
disk, due to the groove created by the massive planet. Credits: Lin

et al., 2009

planets, as Jupiter and Saturn, cannot be explained by this theory.
Finally, there are planets too far from the star to be formed in the protoplanetary disk:
these objects could have been formed by the contraction of the molecular cloud, dur-
ing the star formation process (see Fig. 1.2, c).
Unlike stars, planets do not have nuclear reaction inside their core and they cool
down throughout their life. A young object has a larger radius than later in its
life, and the luminosity is higher for a hot, massive, and young planet. The clas-
sic core accretion models consider a very hot adiabatic sphere as a starting point,
while more modern models predict a colder one. These differences are quite im-
portant for young objects, and the direct detection methods, which observe mainly
hot (and brighter) planets, can have a huge impact in the study of these evolution
models.

1.2.2 Exoplanet composition and atmosphere spectral properties

Following our Solar System, we can identify two major groups of planets: the terres-
trial planets, and the giant planets. The terrestrial planets (Wanke, 1981) have a metallic
core, with a silicate mantle and a rocky crust, which lead to a higher density (e.g.
ą 5g{cm3 for the Earth and Venus). The atmosphere, when present, represents a
small percentage of the total mass. The giant planets (Hubbard et al., 2002) are very
massive (ą 10MC), with a core made of rocks, metals, and ice of about 10MC, and
a gaseous atmosphere (mostly hydrogen and helium). Following our Solar System,
we can separate the giant planets into two subgroups: the gas giants, and the ice gi-
ants. The gas giants, as Jupiter and Saturn, often called just jupiters, have a layer of
liquid metallic hydrogen between the core and the atmosphere. They present the
smallest density (e.g. 1.3g{cm3 for Jupiter, and 0.69g{cm3 for Saturn), because they
are mostly made of gas (ą 90%). The ice giants, like Nepture and Uranus, often
called just neptunes, present a layer of volatile elements below their atmosphere. For
this reason, they have a higher density (e.g. 1.27g{cm3 for Uranus, and 1.64g{cm3 for
Neptune), and a lower gas fraction („ 20%).
In the high variety of the detected exoplanets (see Sect. 1.2.3), we can observe planets
with mass between 1.5MC and 10MC, called super-earths. Despite the name, these
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planets are not necessarily similar to our Earth, as their definition is only linked to
their size. Between the super-earths and the giant planets, we can identify the ocean
planets, and the mini-neptunes. Both are most probably planets formed behind the
snow line, that have accumulated a large fraction of volatile elements. The rocky
crust has been replaced by a ice water layer, possibly with liquid and gaseous water.
When a gas layer is also present, the planets are called mini-neptunes. These last two
planet types can be recognized by their lower density with respect to the terrestrial
planets, but with similar size.
The light from a planet is composed of the starlight reflected by the planet, and
the light emitted by the planet itself. In order to analyse this light, spectroscopy
is the privileged technique. The spectrum of a planet is affected by the molecules
present in the atmosphere. The giant planets atmosphere is mostly composed of hy-
drogen and helium. Few other elements are present in significant quantity: carbon
(mostly as methane, CH4, and carbon monoxyde, CO), nitrogen (as molecular nitro-
gen, N2, and ammonia, NH3), and oxygen (mostly in water molecules). The pres-
sure and temperature gradients inside the atmosphere define the altitude of most
components: methane, ammonia and water are quite high in the atmosphere, while
silicates and metals are closer to the core, where the temperature and pressure are
higher. At lower temperature, nitrogen and carbon are mostly present as gaseous
ammonia and gaseous methane, while at higher temperature, we can observe prin-
cipally gaseous nitrogen and gaseous carbon monoxyde. The position and depth of
the absoption line of these molecules can be an indication of the effective tempera-
ture of the planet: for example, colder planets have a deeper absoption line at 10µm,
indication of the presence of gaseous ammonia. Planets with an effective tempera-
ture of „ 900 ´ 1000K present a deeper absoption line for the methane.

1.2.2.1 Biomarkers

The analysis of the spectrum of an exoplanet, together with its atmosphere, is nec-
essary to determine the presence of life. A biomarker is an indication of the presence
of biological activity. In particular, a thermodynamic disequilibrium of the com-
ponents of the atmosphere could indicate the presence of a biosphere. Earth is an
example: the gases released by the organisms, O2, CO2, CH4, N2O, are between the
most present components in the atmosphere. The disequilibrium is particularly ev-
ident by the simultaneous presence of CH4 and O2: the latter should completely
dissociate the former.

Figure 1.4 shows the absorption spectrum from Venus, Earth and Mars as ob-
served from space. From the Earth spectrum (see Fig. 1.5), we can observe that the
strong absoption of H2O implies a strong presence of liquid water, the presence of
CO2 points to the presence of an atmosphere, the ozone absorption implies the pres-
ence of O2, and finally the methane CH4 could have a biological origin.

1.2.2.2 Habitable Zone

The circumstellar habitable zone (CHZ, Kasting et al., 1993) is the region around a
star where the conditions are favourable to shelter life. This is mostly linked to the
presence of liquid water on the surface: this means that planets outside the CHZ
could see the development of life underground, where the conditions for liquid wa-
ter are reached. The conditions to be inside the habitable zone depend on the mass
of the planet, its orbit (distance from the star or the host planet, for the moons), and
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FIGURE 1.4: Absorption spectrum from Venus, Earth and Mars
(Hanel et al., 1992).

the radiative flux of the star. Figure 1.6 shows the different habitable zones for two
different stars: Gliese 581 (a red dwarf), and the Sun.

1.2.3 Statistics and characteristics of observed exoplanets

About 25 years ago, two major announcements opened the road for a better under-
standing of our universe: the discovery of a bona-fide brown dwarf companion to
a nearby star (Nakajima et al., 1995) and a Jupiter-sized planet around a Sun-like
star (Mayor et al., 1995). The first closed the gap between planetary and stellar mass
objects; the second opened the road for exoplanetary science as we know it today.
The vast diversity in planets that we can see in our solar system cannot be explained
by few parameters, a more comprehensive theory has to be elaborated, leaning on a
sufficiently large statistical survey.
More than 5000 exoplanets have been confirmed since the first discovery in 1995,
another 4000 are yet to be confirmed, for a total of 4000 planetary systems, which
result from dozens of surveys. From this number of exoplanets, statistical studies
can be performed. It is worth noting that the vast majority of surveys (and so planet
discoveries) have been obtained with radial velocity (see Sect. 1.3.1) and transit (see
Sect. 1.3.2) detection methods. As explained later, these methods are sensitive to
shorter orbit planets, while direct imaging (see Chap. 2) can observe bigger planets
at larger distance (see Fig. 1.7). Because of this bias, the most commonly observed
exoplanets are Neptune-size planets (34%), followed by gas giants (32%), of which
hot Jupiter in sub-0.1 AU are 10% (statistically they represent quite an important
fraction of detected exoplanets, because of the ease of the detection; but only 1% of
stars have one), Super-Earth (30%), and finally terrestrial planets, which are only 4%.
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FIGURE 1.5: Absorption spectrum from Earth in the visible and in-
frared. In the visible, biosignatures like O2, O3, and H2O are visible.
In the infrared, the molecules CO2 and CH4 are well detected (Pearl

et al., 1997).

Using the detected planets, the Eta-Earth Survey at Keck found that 15% of Sun-
like stars host one or more planets with M sin i “ 3 ´ 30MC orbiting within 0.25 AU.
The HARPS survey (Lovis et al., 2009) extended it to 1 ´ 3MC planets, showing that
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FIGURE 1.6: The definition of habitable zone for two different star
systems, the Solar System (upper row), and the Gliese 581 system (a
red dwarf, lower row). Based on a diagram by Franck Selsis, Univ. of

Bordeaux. Credis: ESO.

low-mass planets have small orbital eccentricities and are commonly found in multi-
planet systems with 2-4 small planets with short orbital periods (weeks or months).
At least 50% of stars have one or more planets of any mass with periods shorter than
100 days.
The Kepler mission (Howard, 2013) showed that the most common planets are small
(up to 2.8MC, below which the occurance stagnates) with shorter periods (below 50
days). These planets seem to be more common around cool stars. In particular,
M dwarfs seem to have 0.9 planets per star with size 0.5 ´ 4RC and periods be-
low 50 days. 15% of M dwarfs observed by Kepler seem to have Earth-size planets
(0.5 ´ 1.4RC) orbiting the habitable zone. However, with more recent HZ models,
this value could be three times higher. Of the Kepler planet host stars, 23% have
one or more transiting planets, which likely orbit in the same plane, with mutual
inclinations of a few degrees. Fang et al., 2012 found that 54% of systems have at
least 1 planet with period below 200 days. This occurance decreases to 27% for 2-
planets systems, to 13% for 3-planets systems, 5% for 4-planets systems, and 2% for
5-planets systems. The vast majority (85%) have mutual inclinations of less than 3°
(finding also suggested by HARPS). This coplanarity is consistent with the hypoth-
esis of planets forming in a protoplanetary disk without dynamical perturbations.

10.5% of G and K-type dwarf stars host one or more giant planets (0.3 ´ 1MJ)
with orbital periods spanning between 2 and 2000 days and orbital distances be-
tween 0.03 and 3 AU (Keck Observatory, around 1000 F, G, and K-type dwarf stars
observations). By extrapolation (Cumming et al., 2008), 17 ´ 20% of G and K-type
dwarf stars have giant planets orbiting within 20 AU and P“ 90 years, which is con-
sistent with microlensing (see Sect. 1.3.3) survey. The giant planet semi-major axis
distribution (Wright et al., 2011, see Fig. 1.8) shows that single planet systems have
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FIGURE 1.7: Masses and orbital distances of planets from the catalog
exoplanet.eu of March 2021. Planets in the Solar System are colored

in grey. Credits: Lesia

FIGURE 1.8: Orbital characteristics of giants planets: semi-major axis
(a), and orbital eccentricity (b). In blue, the occurance for single planet

system, in red for multiple planet system (Fischer et al., 2014).

higher occurance for orbits higher than 1 AU and around 0.05 AU. These hot Jupiters
seem to disappear for multi-planet systems. Metal-rich stars with mass 0.3 ´ 2M@

are more likely to host giant planets within 5 AU (Fischer et al., 2005, Johnson et al.,
2010). Neptune-size planets (R ą 4RC) prefer metal-rich stars, while smaller planets
don’t show any preference.
The mass-radius relationships is very difficult to establish, mostly because only few
planets have sufficent data to define these two characteristics. For giant planets
(M ą 100MC), the radius varies by a factor 2, while smaller planets (M “ 30MC)
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show higher dispersion (factor 5). This scatter implies a more complex definition
of the planets composition. A very emblematic case is GJ 1214b (M “ 6.5MC,
R “ 2.7RC, density of 1.9g{cm3, Charbonneau et al., 2009), for which several compo-
sitions are possible: a "super-Earth" with rock/iron core and hydrogen atmosphere;
a water world with a rock/iron core, a water ocean, and a massive atmosphere; or a
mini-Neptune with rock/iron core, water ocean and hydrogen/helium atmosphere.

1.3 Indirect methods

Historically, the first exoplanets have been discovered by indirect methods. The
most important advantages of these techniques are, on one side, the high sensitivity
to a variety of planets sizes and on the other side, their diversity: several aspects of
the star-planet interconnection can be exploited to effectively detect the exoplanet
and obtain its characteristics.

1.3.1 Radial Velocity

FIGURE 1.9: The radial velocity method to detect exoplanet is based
on the detection of variations in the velocity of the central star, due
to the changing direction of the gravitational pull from an orbiting

exoplanet as it orbits the star. Credits: ESO

The first indirect method to be developed is the radial velocity method, which
produced the very first exoplanet ever detected around a Sun-like star, 51Peg (Mayor
et al., 1995). This detection technique is based on the Doppler effect and the recipro-
cal attraction between two masses orbiting around each other: the gravitational force
of the exoplanet attracts the star, forcing it to orbit around the center of mass of the
star-planet system (see Fig. 1.9). This orbit with respect to Earth is seen as a back and
forth movement, resulting in a change in the radial velocity of the star. This change
affects its spectrum, following the Doppler effect: the spectrum is redshifted when
the star moves away from Earth; it is blueshifted when it moves towards Earth. The
actual detection comes from the periodical observation of these wavelength shifts
(see Fig. 1.10). Because the mass difference between the planet and the star is quite
important, the speed of the star is very small: for example, the Sun moves by about
13m{s due to Jupiter, but only 9cm{s due to Earth. However, modern spectrographs,
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as HARPS in La Silla, Chile, and ESPRESSO at the VLT, Chile, are able to detect
radial velocity down to few tens of cm{s.

FIGURE 1.10: Radial Velocity curve of 51Peg (Mayor et al., 1995).

The radial velocity method requires high signal-to-noise ratio spectra to achieve
high precision, so it is usually used for brighter and late-type main-sequence stars.
The reasons behind this is threefold: first, late-type stars are more affected by the
gravitational effect of the planets, due to the smaller difference in masses between
the two. Secondly, these stars rotate generally slowly, providing clearer spectral-line
data. And finally, these stars have generally a larger number of spectral lines when
compared to early type stars. Detecting planets around more massive stars is eas-
ier if the star has left the main sequence, which has reduced its rotation speed. A
complete orbit must be measured by radial velocity to allow a robust description of
the orbital period. It is therefore easier to detect close-in planets. The radial velocity
method allows a direct measurement of the eccentricity of the planet orbit, while
only giving access to a lower limit of the mass (M*sin i). However, for some strongly
irradiated giant planets (hot Jupiter) around nearby stars, the planet spectral lines
can be separated from those of the host star and enable the measurement of the ra-
dial velocity of the planet itself. In this way, on one hand the inclination of the orbit is
fixed, and the mass is obtained as a result, and on the other hand the composition of
the planet can be established. The future of the radial velocity method must face two
important challenges: a technological one and a theoretical one. The technological
one lies in the capability of the instrument to have stable measurements wrt tem-
perature, pressure and vibrations together with a stable optical CCD detector. The
theoretical challenge is linked to the stellar activity, which can lead to a misinterpre-
tation of spectral lines as Doppler effect due to the presence of a planet. The easier
targets for radial velocity are in principle close-in planets (e.g. in the habitable zone)
of low-mass stars. However, most of these stars are faint in the optical and peak in
the NIR (between 0.8 and 1.8ţm). Infrared instrumentation has different challenges
wrt the optical: stable cold operating temperatures of the instrument, and need for
NIR detector. NIR spectroscopy is essential to discriminate between giant planets
and stellar activity, when observing young active stars. Space based Doppler mea-
surements will ease the detection. On one hand, the PSF is very stable and the image
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size quite small, making it easier to have high resolution with a smaller instrument,
due to the lack of the Earths atmosphere. On the other hand, the issues created by
sky subtraction and telluric contamination would be eliminated.

1.3.2 Transit

FIGURE 1.11: Light curve for transiting planet: when the exoplanet
passes in front of the star and blocks some of its light, the light curve
indicates this drop in brightness. Credits: T. Sanders, F. Rasio, S. Chat-

terjee and F Valsecchi; Northwestern University.

When an exoplanet transits periodically in the line of sight between Earth and
its host star, it masks some of the starlight, attenuating its brightness. This decrease
in brightness can be detected by telescopes, giving an indication on the presence
of the exoplanet. In particular, the attenuation in starlight depends on the relative
size of the exoplanet with respect to the star, giving an information on the radius of
the exoplanet. Assuming that the stellar disk is uniform, and the orbit is circular, a
transit observation can measure certain quantities (see Fig. 1.11): the transit depth,
the transit duration, the ingress/egress duration, and the period of the exoplanet.
The transit depth describes the decrease in the normalized flux of the star during
the transit, giving an indication on the radius of the exoplanet, by comparison with
the stellar radius. The transit duration is the time the exoplanets needs to transit
the star, giving an indication on the orbital period. The ingress/egress duration is
the time needed by the exoplanet to cover (ingress) and uncover (egress) the star.
The more the exoplanet transits the star close to the full diameter, the smaller are
these durations. By analyzing these elements, it is possible to derive different phys-
ical parameters of the star-planet system (star mass, star radius, exoplanet radius,
eccentricity, inclination). The transit method prefers smaller orbits, because several
transits (needed to confirm the nature of the eclipse) can be observed in a reasonable
time.
The main advantages of the transit method are twofold: on one hand, it derives
the exoplanet radius and inclination, which, in combination with the radial velocity
measurements, gives the actual mass of the planet and so its density; on the other
hand, the analysis of the star spectrum during the transit can give an indication of
the composition of the atmosphere of the planet (during transit, the exoplanet atmo-
sphere absorbs part of the light from the star). An important result of the density
measurement is the definition of the exoplanets nature: a low density will indicate
a gaseous planet, a medium density a water planet, and a higher density will direct
to a rocky planet. The secondary eclipse (when the planet passes behind the star)
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allows in favourable cases a direct measurement of the planet radiation and it helps
constrain the planets orbital eccentricity. By subtracting the intensity of the star dur-
ing the secondary eclipse to the intensity before or after (when both star and planet
are measured), the signal of the planet can be isolated, allowing for the measure-
ments of the planet temperature or even signs of clouds.

FIGURE 1.12: Transit light curves for the TRAPPIST-1 system (Gillon
et al., 2016): the more massive planets have a deeper luminosity at-

tenuation, while the most distant planets have longer transits.

The transit method has two major disadvantages. The first is linked to the actual
possibility of observing a transit: in order to measure the decrease in starlight, the
planets orbit has to be aligned with the observer's point of view. The probability of
such an alignment is about 10% for planets with small (ă 0.1AU) orbits, and even
lower for larger orbits. A planet orbiting a sun-sized star at 1 AU has a probability
of 0.01% to be inclined so as to produce a transit observable from Earth. The sec-
ond disadvantage is linked to the high rate of false detections. On one side, signals
similar to transit can come from different objects in the sky (as blended eclipsing bi-
nary system, grazing eclipsing binary systems, planet size stars); on the other, some
stars, as red giant branch stars, have pulsations in brightness with similar period as
transiting planets. Several missions, ground- and space-based, have been dedicated
to transit detections, with Kepler and TESS being the most productive. With around
4000 exoplanets detected, these two missions have given access to an important pop-
ulation statistic, allowing a better comprehension of the planet formation process.
On the other side, ground-based missions, as TRAPPIST (see Fig. 1.12), have been
able to detect multi-planetary systems around M dwarfs, with sufficiently simple
instruments.
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1.3.3 Microlensing

FIGURE 1.13: Gravitational lensing caused by the presence of a star
and an exoplanet. Credits: WFIRST/NASA.

Gravitational microlensing occurs when a star acts like a lens, magnifying the
light of a distant aligned star. The light from the source star is bent by the lens star,
so that the observer sees an amplified, multiple image of the source. If the lensing
star has a planet, it can be detected if the source image passes near the position of
the planet. This creates a perturbation in the microlensing light curve of the host
star (see Fig. 1.13 and 1.14). This method is most useful for stars located towards the
galactic center, because of the huge number of stars, which increases the chances of
alignment. Its main advantage is the very diverse type of planets it can detect: low-
mass planets, wider orbits (comparable to Saturn and Uranus), very distant stars.
The microlensing method is more sensitive to planets around 1-10 AU from late-type
stars. However, it is easier to detect planets around low-mass stars, because they are
much more abundant in the galaxy. The main disadvantage of this method is the
rarity of the event: on one side the event can be detected once and never again (since
the stars have moved away from the alignment), on the other side the event is very
rare, because a perfect alignment is quite difficult to obtain. Furthermore, the only
physical characteristics that can be determine is the mass of the planet relative to the
stellar mass (which is usually not well known), while the semi-major axis could be
wrongfully determined for a very eccentric or inclined orbit. Several ground-based
observing programs have been dedicated to the microlensing method, such as OGLE
(Udalski et al., 1992).

1.3.4 Astrometry

The astrometry method corresponds to the measurement of a star’s position relative
to the background sky: an astrometric orbit corresponds to the barycentric motion of
a star caused by an invisible companion (see Fig. 1.15). If a star has a planet, its grav-
itational influence will cause the star to move in a tiny orbit (circular or elliptical).
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FIGURE 1.14: Light curve for OGLE-2005-BLG-390, showing the plan-
etary deviation, lasting about a day. Each point represents the bright-
ness in a single image and the data are colour-coded in order to indi-

cate the telescope. Credits: ESO.

FIGURE 1.15: Solar System Barycentre orbit around Sun. Credits: C.
Smith.

The star and the planet each orbit around their mutual center of mass (barycenter).
The star being much more massive than its companion, this barycenter lies normally
within the radius of the larger body. This method is more sensitive to wider orbits,
because the center of mass displacement amplitude increases with orbital period. As
a result, detectable orbital periods are typically several years. Because this method
measures the photocenter, it is sensitive to the detection of planets around fast ro-
tating stars with broad spectral lines or around very faint objects like brown dwarfs.
The need for measurement stability and precision over such long time baselines has
been a challenging requirement for currently available instruments. Even though the
impact of astrometry on exoplanet detection has been limited so far, it has enormous
potential and is complementary to other techniques. Since this technique determines
the value of m3

2{pm1 ` m2q2, with m1 and m2 being respectively the mass of the star
and its companion, by knowing the stellar mass, the mass of the companion is de-
termined, without the sin i ambiguity of the radial velocity. An astrometric study
of statistical samples of exoplanets could therefore accurately determine the planet
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mass function and help to refine theories of planet formation.
The achievable astrometric precision improves with the aperture size. The most suc-
cessful application of astrometry in the exoplanet detection is in combination with
radial velocity. The RV can constrain five out of seven parameters, while the astrom-
etry can determine the other two.
For observations from the ground, the turbulence in the Earth’s atmosphere above
the telescope is the dominant source of error. It can be mitigated by modeling of
seeing-limited observations, by the use of adaptive optics (for instance for a planet
search targeting binaries with separations of few arcseconds), and with off-axis fringe
tracking in dual-field interferometry. Accuracies better than 0.1mas have been achieved,
which satisfies the performance improvement necessary for efficient planet detection
(see Fig. 1.16).
Space-borne instruments avoid atmospheric perturbations and give access to nearly
diffraction-limited observations, thus are ideal for high-precision astrometric work.
Space astrometry has started with the Hipparcos mission (1989-1992) and resulted
in the determination of positions, proper motions, and absolute parallaxes at 1mas
level for 120, 000 stars. The next space astrometric mission capable of detecting exo-
planets is Gaia, launched in 2013.

FIGURE 1.16: The barycentric orbit of the L1.5 dwarf DENISP
J082303.1-491201 caused by a 28 Jupiter mass companion in a 246 day
orbit discovered through ground-based astrometry with an optical

camera on an 8 m telescope (Sahlmann et al., 2013).

1.3.5 Results and limitations

Indirect methods have been very prolific over the years, both from ground and
space-based telescopes, with large-scale surveys detecting hundreds of exoplanets.
As shown in Fig. 1.1, starting in 2014, the number of detected exoplanets has ex-
ploded, principally due to the Kepler telescope.
The first space-based telescope to be used for exoplanet detection is the Hubble
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Space Telescope, in orbit for more than 30 years. Even though it was not designed
to detect exoplanets, the HST has been extensively used over the years, in particular
using the transit technique. Lately, HST has observed the TRAPPIST-1 system, via
spectroscopy, revealing that at least the first five inner planets do not have hydrogen-
rich atmospheres similar to Neptune, but possibly an atmosphere rich in heavier
gases like carbon dioxide, methane, and oxygen (de Wit et al., 2018), or no atmo-
sphere at all.
After the first detection of an exoplanet, the interest concerning this branch of astron-
omy has increased, leading to several new ground and space-based telescopes. In
this last category, at least four telescopes have given major improvements: CoRoT,
KEPLER, TESS, and GAIA. The CoRoT (in French, Convection, Rotation et Transits
planétaires, Auvergne et al., 2009) telescope is the first space telescope designed for
exoplanets detection, in particular rocky planets, exploiting the transit technique.
During its almost 8 years mission, the telescope has detected more than 600 candi-
date exoplanets, a lot of them still in the confirmation process. The telescope has de-
tected the first Earth-like planet: CoRoT-7b (Léger et al., 2009). Orbiting CoRoT-7, at
about 150 pc, this rocky planet has a diameter of 1.58 times the one of the Earth, prob-
ably with a mass around 8MC, and a very short orbital period (20 hours). Thanks
to its design, the CoRoT telescope could cover a large range of masses, between 0.01
and 100MJ . From the mission results, it seems that massive planets are more proba-
ble around massive stars.
The Kepler telescope (Borucki et al., 2010) was launched in 2009, and retired in 2018.
Up to now (May 2022), it is the most successful exoplanet detection space mission,
with 5011 exoplanet candidates and 2662 confirmed exoplanets, via transit tech-
nique. The first rocky planet detected by the telescope is Kepler-10b, a lava world
orbiting very close to its star. The first planet, orbiting a double-star system was de-
tected in 2011, Kepler-16b (a gas giant). In the same year, Kepler discovered the first
planet orbiting the habitable zone of a Sun-like star: Kepler-22b, a super-Earth with
a diameter twice that of the Earth (see Fig. 1.17). Kepler-186f is the first Earth-sized
planet detected in the habitable zone of its star, a red-dwarf about 180pc from Earth
(see Fig. 1.17). Kepler-452b is a super-Earth (5MC, 1.5RC), orbiting a sun-like star, at
about 1.04AU, in the habitable zone of the star. From its characteristics, the planet
should be a rocky planet, but its habitability is still unknown. Receiving 10% more
energy than Earth, it is possible that it is subjected to a runaway greenhouse effect
similar to that seen on Venus.

FIGURE 1.17: An artistic concept of the Kepler-22 (left), and Kepler-
186 (right) system. Credits: NASA Ames/SETI Institute/JPL-Caltech.
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The Kepler mission has demonstrated that there are a lot of multi-planetary sys-
tems, with a considerable diversity in planet types (see Sect. 1.2.3).
The successor of Kepler, TESS (Transiting Exoplanet Survey Satellite), and the suc-
cessor of Hipparcos, GAIA (Global Astrometric Interferometer for Astrophysics) are
currently in orbit. TESS, launched in 2018, exploits the transit technique to detect
exoplanets in an area 400 times larger than Kepler. It observes brighter (30 to 100
times) stars than Kepler, in particular G- and K-type stars. These targets will be
studied in more details by more powerful instruments, as the James Webb Space
Telescope (JWST). Up to now (May 2022), the telescope has detected 5725 candidate
exoplanets, and 217 confimed exoplanets. The first earth-sized planet was discov-
ered in 2019: HD 21749 c is likely a rocky planet, orbiting a K-type main sequence
star, with a diameter slightly smaller than the Earth and orbital period of about 8
days. GAIA has been launched in 2013 and it is expected to continue its mission
until 2025. Exploiting astrometry, and radial velocity measurements, it determines
the true mass of candidate exoplanets, by measuring orbits and inclinations. By cou-
pling Hipparcos and Gaia data, scientists have been able to confirm several planets.
From the second Gaia data release, Michel et al., 2021 have analysed 289 targets, all
within 500pc from the Sun, and have detected exoplanets around 41 binary, and 5
triple star systems.
These indirect methods have proven to be very successful in detecting exoplanets,
but they can only provide limited information about the planets themselves. For
example, the radial velocity methods can only provide a lower limit to the mass, be-
cause of the unknown inclination angle of the orbit. Transit can provide the planet’s
radius and possibly its spectrum, but with numerous observations and a bit of luck,
because the orbit of the planet has to be aligned with the observer. A great disadvan-
tage of indirect methods is the bias they can create in planet statistics: mostly old,
quiet, and solar mass (G-K) stars are being studied, and planets closer to their stars
(few AU) with small orbital periods are privileged.
Direct detection methods can increase the statistics of the detected planets, and so
ameliorate our knowledge of planet variety, formation, and evolution.
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Chapter 2

High Contrast Imaging

Indirect methods have delivered more than 5000 confimed exoplanets over the years, but for-
mation and evolution models require a step forward. These techniques privilege old, quiet
stars and planets closer to their parent star. This leaves a full range of planets aside: larger
separation, younger and hotter planets. Direct techniques can be used to complement indirect
methods: because of the challenges they face (brightness difference between star and planet
is high, while the angular separation is quite small), they have focused their attention on
hotter planets with larger orbits. The complementarity of these techniques has improved our
knowledge of exoplanets formation and evolution. Despite the small number of exoplanets
detected up to now (less than 100), direct methods have seen an increased interest, because
of the significant improvement in the exoplanetary science field they can provide. For this
reason, most of the latest ground- and space-based telescopes have been built to exploit direct
detection techniques, as the James Webb Space Telescope, and the Extremely Large Telescope.

The direct detection technique has firstly delivered images of sub-stellar objects,
such as the first brown dwarf discovered in 1995, G1 229B (Nakajima et al., 1995).
Ten years later, the first planetary companion was detected around the brown dwarf
2M 1207, with a mass of „ 5MJ and a separation of „ 55AU (Chauvin et al., 2004).
This technique is based on a direct image of the planet, by detecting the light coming
from the planet (reflected or emitted by the planet itself), and not the effect of the
companion on the star, as for indirect methods (see Sect. 1.3). The great challenge
is to spatially resolve the planet from its host star. This is essentially due to three
problems:

- the difference in brightness between the star and its exoplanet is very high,
with images’ contrast varying from 10´3 to 10´10

- the angular separation between them is very small

- the Earth’s atmosphere and/or the imperfect optics and instrument create a
distorted wavefront

Theoretically, the image of a point source, as a star, through a telescope is a
diffraction pattern, known as the Airy-pattern in case of a circular aperture (as in
most telescopes). Its size is directly proportional to the observation wavelength, and
inversely proportional to the diameter of the primary mirror. The consequence is
that, by increasing the diameter of the telescope, both the angular resolution and the
collecting area (and so the sensitivity to fainter stars) are increased. Unfortunately,
for ground-based telescopes (for which bigger primary mirrors are easier to built
with respect to space-based telescopes), the Earth’s atmosphere distorts the wave-
front, creating a fuzzy blob, and limiting the angular resolution.
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High angular resolution and high dynamic range can be obtained by a combina-
tion of hardware (Coronagraphy, Adaptive Optics, see Sect. 2.1, and 2.2) and software
(Observing techniques, Post-processing techniques, see Sect. 2.3, and 2.3) techniques.

2.1 Coronagraphy

A first hardware method to enhance the contrast difference between the star’s and
its exoplanet’s images is to suppress the light of the star without blocking the one
from the exoplanet. This is of course even more complicated when the angular sep-
aration between the two is very small. The first coronagraph was designed by Lyot
to detect the corona of the Sun by putting an opaque mask at the focal plane of the
telescope that blocked the light of the Sun and a pupil stop in a downstream pupil
plane (usually called Lyot stop). Its name has now been used to indicate any device
that allow the suppression of the on-axis starlight from the star, while permitting the
off-axis light of the companion to pass through the optical system.
Coronagraphs can be catalogued into four basic categories, depending on which part
of the light they affect (amplitude or phase) and in which plane they are positioned
in the optical train (pupil or focal plane). Beyond these four categories, hybrid ver-
sions are now very common and very promising.
Amplitude coronagraphs are devices that modify/suppress directly the light of the
source (as the Lyot coronagraph for the corona of the Sun). Phase coronagraphs in-
duce spatially distributed phase shifts, that redistribute the light in a downstream
pupil or focal plane (where it can eventually be stopped). Pupil plane coronagraphs
are normally composed of one filter that modifies the starlight distribution in a
downstream focal plane. Focal plane coronagraphs are composed of at least two
filtering devices, one in the focal plane and one in the exit pupil plane.

2.1.1 Focal Plane Amplitude Coronagraph

A focal plane amplitude coronagraph consists of a focal plane and a pupil plane
amplitude mask.

The classical Lyot coronagraph (Lyot, 1939, Sivaramakrishnan et al., 2001) blocks
the on-axis source with a focal plane mask, followed by a pupil-plane Lyot mask
that blocks a large fraction of the Airy rings not blocked by the focal plane mask.
However, this device cannot completely stop the starlight and the finite size of the
focal-plane mask prevents from observing regions close to the star. A solution to
improve the light extinction is to use apodization (with a prolate function) at the
entrance pupil (Soummer et al., 2003).

2.1.2 Focal Plane Phase Coronagraph

A focal plane phase coronagraph consists of a focal plane phase mask and an amplitude
pupil mask. The first focal plane mask is generally fully transparent (to affect only
the phase of the starlight) and it generates phase shifts that reject, by destructive
interferences, the light of the star out of the area of interest. This light is then blocked
by an opaque amplitude mask at the exit pupil plane, referred to as "Lyot stop".

The Roddier mask (Roddier et al., 1997, see Fig. 2.1) is created by introducing a
phase step in the mask, with a well-chosen diameter. This step produces a phase
shift: it shifts a fraction of the light by half a wave to create destructive interferences
in the downstream pupil. However, the phase step is strongly dependent on the in-
dex of the material and the wavelength. The diameter of the mask is also dependent
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FIGURE 2.1: Scanning electron microscope image of the Roddier
phase mask (N’diaye et al., 2010).

on the wavelength (geometric chromatism).
The chromatism of the mask can be reduced by creating several steps. However,
the technical difficulty of such devices is of course increased. In order to solve the
geometric chromatism of the Roddier mask, the mask can be divided into four sym-
metrical parts, two of them inducing a π shift to the starlight (see Fig. 2.2, Rouan
et al., 2007), creating a Four Quadrant Phase Mask.
When perfectly aligned with the center of the four quadrants, the light from the star
is rejected outside of the geometric image of the telescope pupil in a downstream
pupil plane, where it is blocked by an opaque amplitude mask (the Lyot stop). The
planet signal passes through the mask almost intact, especially if sufficiently far from
the center of the mask, and from any quadrant edge. This mask is still chromatic
with respect to the phase shift (the depth of the mask strongly depends on the wave-
length, if the mask is implemented through a single substrate thickness). It is also
sensitive to central obscuration and spider arms, and the perfect alignment (both
optical-star vs center of the mask-, and fabrication-the four quadrants) is hard to
achieve.

FIGURE 2.2: Left Design of the four quadrant phase mask (FQPM).
Middle Two quadrants on one diagonal make the light undergo a π-
phase shift, whereas the two other quadrants let it pass without shift-

ing the phase. Right Resulting PSF.

The Vortex Coronagraph (VC) (Mawet et al., 2005a, Foo et al., 2005) produces a con-
tinuous helical phase ramp, with a singularity at the center, which creates an optical
vortex and hence nulls the light locally. A more detailed description is presented in
Chap. 3.



26 Chapter 2. High Contrast Imaging

FIGURE 2.3: Left Design of the single Spergel-Kasdin prolate-
spheroidal mask. Right Resulting PSF. (Kasdin et al., 2004)

2.1.3 Pupil Plane Amplitude Coronagraph

A pupil plane amplitude coronagraph is composed of one amplitude mask at the
pupil plane that generally aims to create a dark hole in a downstream image plane.
In order to increase the search area, specific designs have been introduced. Shaped
pupil coronagraphs (Kasdin et al., 2004) are apodized pupils, optimized for high-
contrast imaging, which create a dark hole, by shaping the point spread function.
The optimization is usually performed by maximizing the throughput, with con-
strains on contrast and inner working angle. These masks feature a binary amplitude
apodization, easing the manufacture with respect to smooth apodizers, where the
transmission should smoothly vary in amplitude to the required accuracy. Fig. 2.3
shows the design of a single Spergel-Kasdin prolate-spheroidal mask, with a through-
put of 43% and an inner working angle of 4 λ{D. However, the dark zone is quite
narrow, requiring many rotations for complete discovery.

2.1.4 Pupil Plane Phase Coronagraph

FIGURE 2.4: Left: The vAPP is obtained by superimposing three lay-
ers of liquid crystal. Center: The vAPP phase pattern. Right: The
vAPP final image, with the characteristic three PSFs: two corona-
graphic ones with 180° suppression zone and one leakage term be-

tween them (M. Kenworthy, pers. comm.).

A pupil plane phase coronagraph is an optical device that modulates the phase
of the incoming light at the pupil plane.

The Apodizing Phase Plate (Kenworthy et al., 2007) is a pupil plane phase coron-
agraph, consisting of an anti-symmetric phase pattern, that redistributes the light
in the image plane, creating a dark hole of 180° clear space. The phase pattern
responsible for the locally improved contrast can be produced by modifying the
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FIGURE 2.5: Top: Simulated wavelength selective gvAPP (Doelman
et al., 2017): the blue line is the retardance and the orange line is the
leakage term. In this simulation, the gvAPP has been optimised to
have a 180° retardance in a 10nm band around Hα (656.28nm) and
0 elsewhere. Bottom: The corresponding gvAPP PSFs for the three
wavelengths defined on the top figure (green lines). Around the op-
timised wavelength, the coronagraphic PSF is very clear, while for
the other two the leakage term is dominant. (Hornburg et al., 2014,

Doelman et al., 2017)

thickness of a high refractive index material. However, this configuration is very
chromatic (the thickness is proportional to the wavelength). In order to make it
achromatic, the phase pattern is better created by a birefringent medium, through
vectorial phase, imposed by half-wave retarders (for which the fast axis orientation
is variable). These half-wave plates can be produced by self-aligning multi-twist liq-
uid crystal retarder (see Fig. 2.4, left), by piling multiple layers in which the desired
pattern is inscribed. The effect of the half-wave retarder on the polarization states
is to flip them: left-handed circular polarization state becomes right and viceversa.
The induced phase is then equal to twice the axis orientation, but with opposite
sign: ϕR “ ´ϕL. Since the phase pattern is antisymmetric, the vector phase is also
antisymmetric and so are the two PSFs (from the two polarization states). This has
an important consequence from an exoplanet detection point of view: the left- and
right-handed circular polarization PSFs are complementary, because they clear out
opposite side in the image plane, allowing to have a complete 360° coverage space
by combining them. However, for unpolarized light, the two PSFs have to be spa-
tially separated on the detector: a quarter-wave plate and a Wollaston prism can be
used. This configuration, called vector APP (vAPP) is rather complex and it presents
a leakage term due to the non perfect retardance of the phase pattern. The solution
is to use polarization grating directly on the APP, grating-vector APP (gvAPP), to en-
sure the circular polarization splitting (see Fig. 2.5). The polarization grating is a
phase ramp in geometric phase that applies opposite tilts to the two PSFs, while the
leakage term is passed undisturbed. The result is an image with 3 PSFs (see Fig. 2.4,
right): two contain a dark hole of 180°, in this example between 2 and 7λ{D, the third
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FIGURE 2.6: Architecture of the phase-induced amplitude apodiza-
tion coronagraph (PIAAC, Guyon et al., 2010).

one is a "leakage term PSF", located between the other two. The two coronagraphic
PSFs can be combined to obtain a 360° clear discovery space, while the leakage term
can be used as photometric and astrometric reference.
Being a pupil plane coronagraph, the gvAPP can be optimised for complex pupils,
with central obstruction and secondary support structures. It is insensitive to tip-tilt
errors and, thanks to the liquid crystal technology, extreme patterns can be written
from UV to mid-IR, with high-contrast performance and a small IWA. The final en-
circled energy of the gvAPP is typically around 50 ´ 60% (although it depends on
the chosen geometry of the dark hole), divided into 50% for each coronagraphic PSF.

The Phase-Induced amplitude Apodization Coronagraph (Guyon, 2005, Guyon et al.,
2010) uses complex aspheric mirrors to apodize the wavefront for high contrast
imaging. The light is reshaped into an apodized beam with no loss in throughput or
angular resolution. At the back of the coronagraph, a set of inverse optics are neces-
sary to cancel field aberrations, created by the first set of optics, and enlarge the field
of view of the coronagraph (see Fig. 2.6).
This technique is promising because of the high throughput, the small inner working
angle (IWA, 2λ{D for a 10´10 contrast), the full 360° discovery space and its very low
chromaticity, obtained with reflective optics. However, the aspheric mirrors are dif-
ficult to manufacture, and the limited number of frequencies that can be optimized
during fabrication can damage the apodisation.

2.2 Adaptive Optics

In a perfect case, without aberrations, the image of a point source through a tele-
scope is a diffraction pattern (called Point Spread Function, PSF). The half-width of
this PSF represents the smallest angular distance that can be resolved between two
sources. Also called Resolving Power, it corresponds to 1.22λ{D, where λ is the
observing wavelength and D is the telescope diameter. For larger telescopes, this
angular distance decreases, allowing to observe sources closer to the star.

However, in a long exposure, the Earth’s atmosphere turbulence makes this point
a fuzzy blob (see Fig. 2.7, right); and in a short exposure, the atmosphere creates
speckles (see Fig. 2.7, left), which mimic the signal of an exoplanet. These speckles
can also derive from imperfect optics. Adaptive optics is a technique used to correct
the blurring and motion of the PSF, created by the atmosphere (see Fig. 2.8). It is
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FIGURE 2.7: Short vs long exposure observation of a point source.

a closed loop system: first, the optical distortions produced by the turbulence are
measured, with a wavefront sensor, typically one thousand times per second, using
a bright source (usually a star). The information is then used to determine the shape
of the deformable mirror (DM) to compensate for this atmospheric effect, through
thousands of actuators. The number of actuators is linked to the frequencies of aber-
rations the DM is capable to correct.

FIGURE 2.8: Adaptive optics working principle (Davies et al., 2012,
Credits: S. Hippler).

A useful measure of the capabilities of the AO is the Strehl ratio: it is defined as the
ratio between the intensity peak of the aberrated image and the maximum intensity
of an "ideal" image, where "ideal" means that the optical system is only limited by
the diffraction associated with the system’s aperture. It measures the quality of the
image: varying from 0 to 1, a perfectly unaberrated optical system will have a Strehl
ratio of 1.
AO systems have seen a huge development over the last decades. One of the first
system specifically designed for high-contrast imaging is the PALM-3000 for the 5-
m telescope at Palomar Observatory (Dekany et al., 2011). With its 3000 actuators,
the system can reach a K-band Strehl ratio as high as 84% in 1.0 arcsecond visible
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seeing (Roberts et al., 2012). In the last decade, three new systems have had their first
light: GPI at Gemini South (Gemini Planet Finder, Macintosh et al., 2014), SCExAO
at Subaru (Subaru Coronagraphic Extreme Adaptive Optics, Jovanovic et al., 2015)
and SPHERE at the VLT (Spectro-Polarimetric High-contrast Exoplanet Research,
Beuzit et al., 2019).

2.3 Observing Techniques

Unfortunately, hardware techniques are not sufficient to completely remove the speck-
les during observations. In order to disentangle the signal of a possible companion
from these speckles, specific observing techniques are necessary. These techniques
are implemented at the instrument level, focusing on how the images are obtained.

2.3.1 Angular Differential Imaging (ADI)

FIGURE 2.9: Angular Differential Imaging technique. Credit: C. Thal-
mann

In the angular differential imaging (ADI, Marois et al., 2006) observing strategy,
the telescope pupil is kept fixed with respect to the detector (pupil-stabilized mode)
and the images rotate with time, while the diffraction pattern and the quasi-static
speckles remain at a fixed position (see Fig. 2.9). The result is that off-axis compan-
ions rotate around the star with a circular trajectory (see Fig. 2.11), as a function
of the parallacting angle. This diversity can be used to disentangle astrophysical
sources from the speckles.
This technique is widely used in high-contrast imaging, because of its versatility (it
works with almost every type of companions). However, it presents some disadvan-
tages: on one side the speckles evolve with time; on the other side, the companion
should have a sufficiently large parallactic angle variation in order to move by more
than 1λ{D in the field, and enable detection.
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FIGURE 2.10: Spectral Differential Imaging technique. (Marois et al.,
2000)

2.3.2 Spectral Differential Imaging (SDI)

The spectral differential imaging (SDI, Smith, 1987, Marois et al., 2000) technique
exploits the different wavelength dependence of the speckles and the exoplanet. The
images are obtained at two different wavelengths: one inside an absorption band for
the planet, and one outside (where the planet is bright). Since the speckle pattern is
theoretically identical after rescaling the images with respect to the wavelength, the
exoplanet is preserved, after subtraction of the rescaled images(see Fig. 2.10).
Multi-channel SDI (mSDI), or Spectroscopic SDI (SSDI), is an evolution of SDI: in
this case, multi-channel images are recorded. The speckle pattern scales with the
wavelength (the pattern moves radially out from the center of the image), while
the exoplanet stays fixed. By comparing the images at different wavelengths, the
exoplanet can be detected. With this technique, the planet does not need a specific
feature in the spectrum to be detected.

2.3.3 Reference-star Differential Imaging (RDI)

In the reference star differential imaging (RDI, Lafrenière et al., 2009) technique, a
reference star, similar to the science target star, is observed. The two PSFs, refer-
ence and science target, are then subtracted, after rescaling of the reference star flux
to the target flux. While the resulting images are less prone to systematic biases
than in ADI and SDI, and provide a larger discovering space (especially at small
separations), this technique presents three strong drawbacks: the first concerns the
reference star, which should have the same magnitude, color, and position as the
science target star. The second is linked to the PSF rescaling of the reference star: it
is essential to obtain the right flux, without creating artifacts. The third problem is
linked to the speckles of the atmosphere and the telescope: between the observations
on the reference and the target star, the atmospheric conditions and aberrations due
to the telescope can change, which can make the subtraction more difficult. Further-
more, the time spent observing the reference star is lost, since no planetary photon
is collected during this time.
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2.3.4 Polarimetric Differential Imaging (PDI)

The polarimetric differential imaging (PDI, Kuhn et al., 2001) technique exploits the
partial polarisation of the reflected light of the planet, with respect to the unpolar-
ized light of the star. If on one side the speckle subtraction is very good, on the other
side, this technique requires specific hardware, not always present in all telescopes.
Moreover, it presents a low sensitivity due to low level of partial polarization.

2.4 Post-processing

The post-processing techniques intervene after the observations are performed: these
methods allow to further decrease the speckles pattern and increase the companion
signal, by creating and subtracting the best possible reference PSF. Depending on the
observing technique, the PSF subtraction is different.

2.4.1 Median subtraction

A first simple method is the median subtraction (Marois et al., 2006): in the ADI
observing technique, the planet rotation in the frames will prevent it from appearing
in the median image. The median image of the observations can then be used as a
first approximation of the starlight and speckles pattern, which is subtracted from
each individual frame. The cube is then derotated and mean combined to produce
the final image (see Fig. 2.11).

FIGURE 2.11: Median subtraction applied to Angular Differential
Imaging technique. Credit: C. Thalmann
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2.4.2 Locally Optimized Combination of Images (LOCI) technique

The locally optimized combination of images (LOCI, Lafrenière et al., 2007) tech-
niques create a reference PSF as a linear combination of reference images, where the
residual noise is minimized in subregions.

2.4.3 Principal Component Analysis (PCA)

Principal component analysis (PCA, Soummer et al., 2012, Amara et al., 2012) based
algorithms reconstruct a reference PSF as the projection of the image onto a low-rank
subspace (the principal components). With a sufficiently low number of principal
components, the companion signal is not reconstructed and it can be retrieved after
PSF subtraction.

2.5 First results and limitations

FIGURE 2.12: Gallery of imaged planets at small separations (ă
100AU). From top left to bottom right: HR8799 (Marois et al., 2008),
β Pictoris (Lagrange et al., 2009), HD95086 (Rameau et al., 2013), and

51 Eridani (Macintosh et al., 2015). Images from Bowler, 2016.
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FIGURE 2.13: First imaged exoplanet, thanks to AO techniques
(Chauvin et al., 2004): a giant planet (5 Jupiter masses, 55 AU) or-
biting the brown dwarf 2M1207. The photo is based on three near-
infrared exposures (in the H, K and L wavebands) with the NACO
adaptive-optics facility at the 8.2-m VLT Yepun telescope at the ESO

Paranal Observatory.

The direct detection method has not been as prolific as indirect methods, being
a fairly new method for exoplanet imaging, and especially because of an increased
dependence on hardware performance. While the first planetary-mass companion
was detected only in 2004, around a brown dwarf (see Fig. 2.13), several determining
discoveries have been made by this technique. The first planetary system, composed
of four giant planets, was imaged around HR 8799 (Marois et al., 2008, see Fig. 2.12,
top left), using the Gemini and the W. M. Keck observatory on Hawaii’s Mauna Kea,
exploiting the ADI technique (see Sect. 2.3.1). Only one year after, a giant planet was
discovered orbiting around β Pictoris (Lagrange et al., 2009, see Fig. 2.12, top right),
an A-type star best known for its circumstellar disk. Ten years later, a second planet
was identified (Lagrange et al., 2019). HD 95086 b was confirmed in 2013 (Rameau
et al., 2013, see Fig. 2.12, bottom left), with infrared observations, using the NACO
instrument on the VLT: a 5MJ exoplanet orbiting a young A-class pre-main-sequence
star, at a distance of about 60 AU. The first exoplanet detected by the Gemini Planet
Imager (GPI), installed on the Gemini South Telescope in Chile, is 51 Eridani b, im-
aged in 2014 (Macintosh et al., 2015, see Fig. 2.12, bottom right). It is a Jupiter-like
planet, with mass between 3 and 11MJ , and distance of „ 11AU. The first exoplanet
detected by the instrument SPHERE (Spectro-Polarimetric High-Contrast Exoplanet
Research, Beuzit, 2013) is a super Jupiter orbiting the star HIP 65426 (Chauvin et al.,
2017, see Fig. 2.14, left and center), a young star without a debris disk. It was one of
the first planets imaged by the JWST (Carter et al., 2022). The first confirmed image
of a newborn planet was released in 2018 (Keppler et al., 2018, see Fig. 2.14, left): the
young planet PSD 70 b, forming in the protoplanetary disk around its star.
Direct detection (with spectroscopy) is essential to determine planet parameters, as
temperature, chemical composition and structure of a possible atmosphere, presence
of clouds. These are crucial elements to constrain planet formation and evolution
models. The sin i ambiguity of the radial velocity measurements can be removed
by direct detection, which can not only constrain the mass of the planet, but also
determine if planetary systems present a single orbital plane for all planets (as our
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solar system). Young and active stars can only be efficiently studied by these tech-
niques, which can lead to large progress in planet evolution models. The study of
the luminosity and the spectrum of planets at different ages can also add impor-
tant information to these models and the search for life (through atmosphere and
weather analysis). The direct detection is the only method capable of efficiently sur-
veying the regions farther away from the star. These aspects make the direct and
indirect (especially radial velocity) methods complementary: indirect methods priv-
ilege closer and older (and so colder) planets, while direct methods are better suited
for farther and younger (so hotter) planets.
As discussed before, direct detection has major limitations, linked to the brightness
difference and angular separation between planet and star, and a combination of
hardware and software techniques is used to increase sensitivity. As for indirect
methods, it is important to confirm that the object is indeed gravitationally linked
to the star and not a background object (as happened to the HD 131399 Ab, firstly
detected as a planet, and then proven to be a background star, Nielsen et al., 2017). It
is important to verify that the movement of the planet (right ascension, and declina-
tion) is consistent with the star: this can be obtained by repeating the observations
multiple times at different epochs, to take advantage of the movement of the star-
planet system with respect to the background objects.

FIGURE 2.14: Planets imaged with the instrument SPHERE, on the
VLT: HIP 65426 b (left and center, Chauvin et al., 2017), and PDS 70 b

(right, Keppler et al., 2018).

Major improvements will come from the new ground and space-based large tele-
scopes (ELT, TMT, GMT, JWST), for which the development of better adaptive op-
tics systems, more efficient coronagraphic techniques, and advanced postprocessing
algorithms will unleash their full potential. The Mid-infrared Extremely Large Tele-
scope (ELT) Imager and Spectrograph (METIS, Brandl et al., 2008, Brandl et al., 2018,
see Chapt. 4) is the perfect example of a combination of these techniques (large tele-
scope, high contrast imaging, high resolution spectroscopy, adaptive optics) in the
mid-infrared regime.

2.6 The mid-infrared regime

The mid-IR regime is very well suited for exoplanets detection and characteriza-
tion. In the mid-IR regime, the brightness difference between the exoplanet and the
host star is largely attenuated with respect to the optical wavelengths (see Fig. 2.15,
and Fig. 2.16). A clear example is the detection of a planetary mass companion to
HD95086 (Rameau et al., 2013), evident in L band, but at first undetected in H and Ks
(Meshkat et al., 2013). This is even more important for circumstellar disks, where the
opacity of the dust grains strongly affects shorter wavelengths (Quanz et al., 2015).
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FIGURE 2.15: The visible and infrared portion of the black body spec-
trum of the Sun, few planets of the Solar System, and one hot Jupiter
(with Te f f “ 1600K and albedo A “ 0.05). The effective temperatures
are shown. The contrast defined as Fs{Fp, where Fs is the flux of the
star and Fp is the flux of the planet, is shown for the Earth („ 109 in
the visible, and „ 106 in the mid-IR), Jupiter („ 108 in the visible, and
„ 104 in the mid-IR), and hot Jupiter („ 104 in the near-IR). Credits:

Seager et al., 2010.

FIGURE 2.16: Expected planet/star flux ratio for non-irradiated
Jupiter-mass planets at various ages (Burrows et al., 2004), and as-

suming a Sun-like host star.

From the instrument point of view, the AO systems provide higher Strehl ratios in
the infrared compared to optical and NIR (Strehl ratio 9λ6{5, resulting in 95% in L
band for modern AO systems).
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The gas in the protoplanetary disks is responsible for the dynamics of dust parti-
cles and planets migration inside the disk and supplies the ingredients for giant
planets formation. By analysing it, expecially in the region between 1 and 10 AU,
where most planets form, we can have a better understanding of the planetary for-
mation processes and their diversity. The mid-IR regime is excellent to study the
warm gas in the inner disk (as the CO rovibrational emission at 4.7µm) and, thanks
to the high spectral resolution, it is possible to resolve line profiles and analyse gas
kinematics down to 0.1 AU, as well as water and organics (CH4 at 7.7µm, C2H2 at
13.7µm, HCN at 14µm). The combination of high spectral and spatial resolution,
together with photometry in other wavelengths, allow spectral imaging of the spa-
tial distribution of disk material and kinematics of warm proto-planetary gas. Ob-
serving and analysing the warm CO gas in the disk may allow to understand if
a gap in the disk is due to a forming planet (the gas signature will be offset from
the local disk velocity by 5 ´ 10km{s, due to the planet’s own motion around the
star), or to photo-evaporation of gas or even grain growth, resulting in lower opac-
ity. Analysing the cometary ice volatiles in the L-M band (3 ´ 5µm) may help in
constraining the composition of the formation disk of the Sun, just before the for-
mation of planets. Simultaneously, low resolution N band (8 ´ 13µm) spectroscopy
allows measurements of solid, non-volatile components (silicates): the co-existance
of amorphous and cristalline phase in cometary dust suggests that the cristalline sil-
icates may have been processed in hot environment, close to the Sun, before being
inserted into cometary nuclei, implying an efficient radial mixing of the material in
the proto-planetary disk.
However, the IR regime has a strong drawback: high background emission. To limit
the background emission from the telescope and its optics, it is important to re-
duce the warm components in the beam. In order to have a better measurement
of the background emission, chopping between source and "sky" is a well-known
technique. It is also possible to increase the sensitivity of a background-limited in-
strument, by increasing the observation time (at first order, SNR9

?
t).
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Part II

Design
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Chapter 3

Design of vortex phase masks (VC)
for L, M, N bands

The direct detection of exoplanets requires a high level of light suppression, to reduce the
light of the star, without affecting the companion. Coronagraphs can achieve high contrast,
by blocking the starlight. Between the various devices presented in Chapter 2, we will focus
on the vortex coronagraph. It introduces a phase-shift to the on-axis starlight, rejecting it
outside the geometric image of the pupil. This chapter is based on previous work published
in Carlomagno et al., 2014.

3.1 Description

The Vortex coronagraph (VC) consists of a focal plane phase mask (the vortex phase
mask) and a pupil plane amplitude mask (the Lyot stop). The focal mask imposes
a phase ramp to the on-axis starlight, rejecting it, by destructive interference, out-
side the geometric image of the pupil. This diffracted light is then blocked through
a binary amplitude mask, the Lyot Stop, in the following pupil plane. This phase
shift can be created by a vectorial optical vortex, which applies continuous opposite
phase screws to the two orthogonal circular polarization states. The circular polar-
izations will experience a phase ramp eiϕ “ e˘ilθ , where l is the topological charge,
the number of times the phase ϕ accumulates 2π along a closed path surrounding
the phase singularity 1, and θ is the focal plane azimuthal coordinate. For a charge
2 coronagraph, the wave will undergo a 2 ˆ 2π phase shift within one revolution
around the optical axis (see Fig. 3.1, left).

This phase shift is imposed by using a halfwave plate (HWP), constructed out
of birefringent material, by changing the orientation of its fast axis. Subwavelength
gratings (SG), micro-optical structures with period Λ ă λ{n, can create achromatic
birefringence: by optimizing the grating parameters (geometry and material), the
chromatic birefringence ∆npλq can be tuned to be closely proportional to the wave-
length over a wide spectral band. The phase retardance ∆ΦTE´TMpλq introduced by
subwavelength gratings between the two polarization components (TE, transverse
electric, parallel to the grating grooves, and TM, transverse magnetic, orthogonal to
the grating grooves) relates to the chromatic birefringence as follows

∆ΦTE´TMpλq “
2π

λ
h∆npλq, (3.1)

where h is the optical path through the birifringent subwavelength grating. So, with
∆n9λ, ∆ΦTE´TM becomes constant.

1It represent the height of the phase ramp, after a 2π rotation.
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FIGURE 3.1: Left: Illustration of the 2 ˆ 2π phase ramp created by a
charge-2 vortex. Right: Spatial variation of the optical axis orienta-
tion of a vector vortex phase mask coronagraph of topological charge
2 (VC2), obtained with a rotationally symmetric HWP. An incoming
horizontal polarization (blue arrow) is transformed by the vector vor-
tex so that it spins around its center twice as fast as the azimuthal
coordinate θ (red arrows), defining the orientation of the SG (green

lines), always perpendicular to the optical axis (dashed lines).

FIGURE 3.2: SEM pictures of an L-band AGPM fabricated at the
Ångström Laboratory using reactive ion etching and nanoimprint

lithography.

The Annular Groove Phase Mask (AGPM, see Fig. 3.2) is a charge-2 vector vortex
coronagraph based on a SG, etched into a diamond substrate, with an anti-reflective
2D grating on the back of the mask (to reduce the multiple reflections inside the sub-
strate, see Sect. 3.2.1.2). Its throughput is close to 100%, with the sources of through-
put loss coming from the mask substrate, and the reflections loss in the annular
grating side. The inner working angle (IWA) can be down to 1λ{D and it creates a
clear 360° discovery space.

3.2 Design of mid-infrared AGPMs

3.2.1 RCWA

The optimization of the design of the AGPM uses an algorithm based on the Rigorous
Coupled Wave Analysis (RCWA, Moharam et al., 1982), coded in MATLAB®(Mawet
et al., 2005b). The RCWA solves Maxwell’s equations, assuming infinite grating and
parallel grating lines. The principal optimization parameters of the subwavelength
grating profile are the filling factor F and the depth h (see Fig. 3.3, left).

Thanks to its great optical, mechanical, thermal and chemical characteristics,
synthetic diamond turns out to be a very well suited material to manufacture such
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AGPMs, based on an advanced micro-fabrication technique using nano-imprint lithog-
raphy and reactive ion etching (Forsberg et al., 2013, Forsberg et al., 2014). Due to
fabrication issues, the walls of the etched grooves are not perfectly vertical, showing
a slope α „ 3° in the present case (see Fig. 3.3).

FIGURE 3.3: Left: Schematic diagram of a trapezoidal grating. The
filling factor F is such that FΛ corresponds to the line width on top of
the walls. Right: Cross sectional view of a diamond AGPM dedicated
to the L band. The grating sidewalls have an angle α „ 3° and an

average width FequivΛ „ 0.5µm.

The period Λ of the subwavelength grating is kept constant during the optimiza-
tion. Its value is determined by the subwavelength limit:

Λ ă
λmin

npλminq
(3.2)

where λmin is the shortest wavelength of the considered band (with a 100nm security
margin), and npλminq is the refractive index of the substrate (diamond in our case)
calculated at this wavelength. The refractive index was computed considering poly-
nomial regressions and Sellmeier equations. The final values of the refractive index
and the period are shown in Tab. 3.1, for several considered bands.

TABLE 3.1: Calculated diamond refractive indices and subwave-
length grating periods, for several considered mid-IR spectral win-

dows.

Band Bandwidth [µm] λminrµm] npλminq Period Λ [µm]
L 3.5 – 4.1 3.4 2.3814 1.42
M 4.6 – 5 4.5 2.3810 1.89

lower N 8 – 11.3 7.9 2.3806 3.32
upper N 11 – 13.2 10.9 2.3805 4.58

3.2.1.1 Null depth definition

Theoretically, a vortex coronagraph should provide a perfect on-axis light cancel-
lation, but imperfections in the vortex phase mask prevent it. The metric used for
the optimization is the null depth Npλq, defined as the contrast, integrated over the



44 Chapter 3. Design of vortex phase masks (VC) for L, M, N bands

FIGURE 3.4: SEM pictures of an L-band AGPM fabricated at the
Ångström Laboratory using reactive ion etching and nanoimprint
lithography. Left: Annular grooves etched on the frontside of the
component. Right: Antireflective structure etched on the backside.

whole point spread function (PSF) (Mawet et al., 2005a)2:

Ntheopλq “
Icoropλq

Ioffpλq
“

r1 ´
a

qpλqs2 ` ϵpλq2
a

qpλq

r1 `
a

qpλqs2
(3.3)

where Icoro is the signal intensity when the input beam is centered on the mask, while
Ioff is the signal intensity when the input beam is far from the mask center, ϵpλq is
the phase error with respect to π, and qpλq is the flux ratio between the polarization
components transverse electric (TE) and transverse magnetic (TM) after propagation
through the mask, respectively. It is in this equation that all geometrical parameters
(filling factor F, depth h and sidewall angle α) are taken into account, via ϵpλq and
qpλq.

The optimization process follows a precise procedure. First, the RCWA algo-
rithm provides a two-dimensional map of the mean theoretical null depth as a func-
tion of the optimization parameters (filling factor F and depth h), then the same
algorithm is used for a more precise optimization around the optimal parameters
obtained after the first step. The results of the optimization will be presented in
Sect. 3.2.2.

3.2.1.2 Influence of the ghost

The optimized parameters and null depths obtained from RCWA simulations as-
sume that only the zeroth order of the subwavelength grating is transmitted. In prac-
tice, the presence of a ghost signal has been confirmed by laboratory measurements.
It is the result of multiple reflections within the substrate. The AGPM pattern etched
on the frontside of the substrate (Fig. 3.4, left) partially reduces the reflections, acting
as an antireflective layer, to some extent. Most of the ghost signal is actually caused
by the reflection on the flat interface, on the other side of the substrate. Therefore, an
anti-reflective grating (ARG) needs to be etched on the backside of the component
(Fig. 3.4, right) to avoid these reflections. Typically, a binary square-shaped struc-
ture, whose parameters are optimized through RCWA, is used for the antireflection.
For diamond in L band, the raw backside reflection is 17%, while the ARG reduces
it to 1 ´ 2% (Forsberg et al., 2013).

2This null depth is equal to the peak-to-peak attenuation if the coronagraph is only limited by
chromatism (in which case the coronagraph PSF is just a scaled-down version of the original PSF).
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FIGURE 3.5: Definition of the lower N band spectral window. Opti-
mized mean null depth for a minimal wavelength of 8µm, as a func-
tion of the maximal wavelength. The desired mean null depth 10´3

is obtained for the bandwidth 8 ´ 11.3µm .

The total null depth is then the sum of two components:

Ntotalpλq “ Ntheopλq ` Nghostpλq (3.4)

where

Nghostpλq “
Ighostpλq

Ioffpλq
. (3.5)

The expected performance for the total null depth (considering the ghost) is im-
proved by the use of the ARG (see Sect. 3.2.2).
The first AGPMs were optimized to cover mid-IR bands (L, M, and N), because, on
one hand the grating parameters are proportional to the wavelength (it is then eas-
ier to manufacture mid-IR gratings with respect to the VIS); on the other hand, this
regime is particularly suitable for exoplanet detection (see Sect. 2.6).

Because the N band is very wide (8 ´ 13.2µm), it is difficult to cover it with a sin-
gle component. Therefore, it has generally been divided into two sub-bands (lower
N band, N1, and upper N band, N2), on which the AGPM design was optimized.
The N2 band was originally defined to suit the VISIR mid infrared camera of the
VLT: 11 ´ 13.2µm. One of these is now installed on VISIR and shows promising
performance (Delacroix et al., 2012). Since then, another definition of the N2 band
was used specifically for the NEAR experiment (Wagner et al., 2021) on the VISIR
camera, leading to an AGPM optimization on the 10 ´ 12.5µm range. Concerning
the N1 band, we followed a different path. A constraint was imposed on the mean
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null depth, which should be smaller than 10´3. We could then calculate the maxi-
mal width of the spectral band, that we have arbitrarily started at 8µm, to define the
lower N band: 8 ´ 11.3µm (see Fig. 3.5).

3.2.2 Optimal AGPM parameters and null depth at L, M and N bands

The results of our RCWA simulations are presented in Tab. 3.2, with the optimized
filling factor F, grating depth h, and mean null depth N over the whole bandwidth.

The AGPM mean null depth (over each spectral band) is shown in Fig. 3.6 (left),
as a function of the profile parameters F and h. The dark blue region in the center of
the figure corresponds to the optimal parameters region, providing the best contrast
expressed here on a logarithmic scale. In Fig. 3.6 (right), we see that the theoretical
optimal mean null depth N is comprised between 10´4 and 10´3. When the ghost
is taken into account, the somewhat degraded null depth value is still close to 10´3,
showing the excellent performance of the ARG.

TABLE 3.2: Optimized filling factor F, grating depth h, and mean null
depth N w/o ghost, for several considered mid-IR spectral windows.

Band Bandwidth F hrµms N
L 3.5 – 4.1 0.45 5.22 4.1 ˆ 10´4

M 4.6 – 5 0.41 6.07 3.4 ˆ 10´4

N1 8 – 11.3 0.49 15.77 10´3

N2 11 – 13.2 0.45 16.55 4.1 ˆ 10´4

3.2.2.1 Optimal AGPM parameters and null depth at L+M bands

It is possible to apply the optimization procedure to a combination of bands, when
the phase mask has to cover more than one band at the same time. We tried to opti-
mize the AGPM parameters for L and M bands together. Tab. 3.3 presents the opti-
mized parameters and Fig. 3.7 shows that the theoretical optimal mean null depth N
is just below 10´3. This design is at the edge of what it is manufacturable, because,
as Fig. 3.7 shows, with a sidewall angle α of 3°, the optmimum combination of filling
factor F and depth d is close to an impossible geometrical solution (the upper right
corner corresponds to the merging of the sidewalls).

TABLE 3.3: Optimized filling factor F, grating depth h, and mean null
depth N, for L+M spectral bands.

Band Bandwidth F hrµms N
L + M 3.5 – 4.1 + 4.6 – 5 0.49 7.17 7.9 ˆ 10´4



3.2. Design of mid-infrared AGPMs 47

FIGURE 3.6: RCWA multiparametric simulations for the L, M and N1
bands. Left: Mean null depth map, function of depth and filling fac-
tor, showing the optimal design values. For the N band, the upper
right corner does not correspond to a possible geometrical solution,
because of the merging of the sidewalls. Right: Computed corona-
graphic performance of the AGPM, showing the benefits of etching

an ARG on the backside of the component.
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FIGURE 3.7: RCWA multiparametric simulations for the L + M band.
Left: Mean null depth map, as a function of depth and filling factor,
showing the optimal design values. Right: Computed coronagraphic
performance of the AGPM, showing the benefits of etching an ARG

on the backside of the component.



49

Chapter 4

The METIS coronagraphic modes

The METIS instrument on the ELT will provide significant improvement in high contrast
imaging, by relying on one side on the 39-m diameter of the telescope, and on the other on the
high capability of stellar suppression of the combination of adaptive optics and coronagraphy.
In this chapter, we will focus on the description of the instrument, with an emphasis on the
coronagraphic modes. This chapter is based on previous work published in Carlomagno et al.,
2020.

4.1 The ELT/METIS instrument

METIS (Brandl et al., 2008, Brandl et al., 2018) is one of the first-light instruments
of the ELT. It consists of two diffraction-limited imagers covering the mid-infrared
wavelength range featuring high-contrast imaging (HCI) and medium-resolution
long slit spectroscopy, and of an integral field spectrograph. With its mid-infrared
capabilities, METIS will provide a unique view on the Universe, with science cases
ranging from our Solar system to high-redshift galaxies, and including the study of
planetary formation and planetary systems as a prime scientific goal.

To enable HCI, METIS will implement two state-of-the-art coronagraphic con-
cepts: a focal plane coronagraph, the vortex coronagraph (VC), and a pupil plane
coronagraph, the apodizing phase plate (APP). These coronagraphic concepts are com-
plementary in terms of discovery space and sensitivity to instrumental errors. They
will be used for different science cases and/or under different environmental condi-
tions.
Over the years, the METIS instrument has experienced several evolutions. The con-
figuration presented here is the one of the Preliminary Design Review (PDR), from
May 2019. Some details have been modified since the PDR (detailed design of ELT
pupil, pupil stop and apodization, one single AGPM for N band, more realistic
SCAO simulations with wind load and other effects, ...), however the results pre-
sented here remain largely valid and relevant.

4.2 Instrumental concept

Before entering the METIS cryostat, the light collected by the ELT primary mirror
is reflected by a series of five additional mirrors including the ELT-M4 deformable
mirror, as well as a tip-tilt mirror (ELT-M5). After bouncing off the final mirror of
the ELT optical train (M6), the light then enters the METIS cryostat, which ensures
low background emission for all further optical components, and includes four main
subsystems (see Fig. 4.1):

- The common fore-optics (CFO), which formats the beam for injection into the
scientific cameras, and includes important functionalities such as atmospheric
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FIGURE 4.1: Optical overview of the METIS instrument at PDR.

dispersion compensation, derotation, pupil stabilization, chopping, and coro-
nagraphy;

- A single-conjugated adaptive optics (SCAO) system, which implements an in-
frared pyramid wavefront sensor, and controls the shape of the ELT-M4 de-
formable mirror;

- A pair of diffraction-limited imaging cameras in L/M and N bands with 102 ˆ

102 field of view (referred to as IMG-LM and IMG-N, respectively), including
coronagraphy at L, M, and N bands, and medium-resolution (R „ 5000) long
slit spectroscopy;

- An integral-field high-resolution (R „ 100, 000) spectrograph, referred to as
LMS, operating at L/M band (2.9–5.3 µm) with 0”5 ˆ 12 field of view and in-
cluding coronagraphic capabilities.

METIS also comprises a warm calibration unit (WCU), which provides calibration
sources for all observing modes.

4.3 Implementation of high-contrast imaging

Inside METIS, the CFO sub-system provides a series of addressable pupil planes and
focal planes to implement coronagraphic capabilities, as illustrated in Fig. 4.2. In
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FIGURE 4.2: Schematic layout of the relevant optical components for
HCI in METIS.

particular, the CFO-PP1 pupil plane and the CFO-FP2 focal plane will be the host of
wheel mechanisms that can insert coronagraphic components into the beam. This is
also the case of the first pupil plane located inside the imager and spectrograph sub-
systems (LM-PP1 and NQ-PP1, called IMG-PP1 in the rest of the manuscript, and
LMS-PP1). This combination of two pupil planes with one focal plane in between
enables the implementation of the RAVC (see Sect. 4.5.2), while the gvAPP only re-
quires one pupil plane and will be implemented directly into the IMG-LM and LMS
sub-systems. Enabling HCI relies however not only on coronagraphic components,
but also on a series of functionalities that are provided by the various METIS sub-
systems. The most important features of METIS for HCI are detailed here, following
the path of light through the instrument.

CFO-PP1 is located upstream of any derotation or pupil stabilization mirror. Be-
cause the image of the ELT pupil will not be stable there, and will be rotating dur-
ing the observations, this pupil plane can only implement rotationally symmetric
masks, which is the case of the greyscale apodizer used for the RAVC concept. More
advanced apodizer designs taking into account spider arms cannot be implemented
there, nor the APP, whose design is also tuned to the exact shape of the ELT pupil.
No undersized cold stop will be implemented in CFO-PP1 for the coronagraphic
modes, in order to transmit the full image of the ELT-M1 pupil. Because the image of
ELT-M1 will drift with respect to the position of CFO-PP1 during observations, the
greyscale apodizer will be slightly oversized. In addition to hosting the greyscale
apodizer, CFO-PP1 will also host two fixed atmospheric dispersion compensators
(ADC), which will be optimized for two specific airmasses (corresponding to zenith
angles of 25 and 41 degrees). These ADCs can be used together with the greyscale
apodizer thanks to a double mechanism at CFO-PP1, with the ADCs being slightly
upstream of the location of the pupil image.

Following CFO-PP1, a K-mirror will be used to derotate the beam. The derota-
tor can be used either to stabilize the field or the pupil. The latter option will be
used for the HCI observing modes, in order to exploit angular differential imaging
techniques. The next focal plane (CFO-FP1) will not be populated by any optical
component, except for a nearby pupil stabilization mirror that will be used to com-
pensate for residual drifts of the pupil image due to the ELT pupil motion and to the
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imperfect derotation, and to freeze the position of the ELT-M1 pupil in the down-
stream optical train with an accuracy of 1% of the projected M1 diameter. This pupil
stabilization mirror will be fed by measurements from the SCAO pyramid wave-
front sensor, which will measure the position of the ELT-M1 pupil in real time. The
SCAO sub-system will pick up the near-infrared part of the beam using a dichroics
downstream of the pupil stabilization mirror, which reflects the H and K band signal
towards SCAO and transmits the longer wavelengths to the science cameras. The
next pupil plane (CFO-PP2) will be hosting the cold chopping mirror, while CFO-
FP2 provides the mechanism to insert both the vortex phase mask and/or the LMS
pickoff mirror into the beam. The gvAPPs and Lyot stops will be located in IMG-PP1
and LMS-PP1, where the stabilisation of the ELT-M1 pupil image will allow efficient
use of these masks. The L and M-band vortex phase masks and the image slicer in
the LMS will be aligned on the same optical axis to maximize the discovery space
around the vortex when used in combination with the LMS. When combined with
the gvAPP, the image slicer of the LMS will be fed with one of the two dark holes
created by the gvAPP.

4.4 HCI performance requirements

The development of the METIS instrument is guided by a set of top-level require-
ments defined by ESO. Because it specifically aims for high-contrast imaging, METIS
has a formal requirement on the HCI performance. This requirement is expressed as
the 5σ sensitivity in terms of contrast that needs to be reached after post-processing
of a 1-h observing sequence on a relatively bright star (L ď 6). The requirement,
defined at L band, is to reach a post-processed 5σ sensitivity of 3 ˆ 10´5 in terms of
contrast at 5λ{D (i.e., 0"1), with a goal of 10´6 at 2λ{D (i.e., 0"04). In order to verify
that this requirement can be fulfilled with the proposed instrumental concept, end-
to-end simulations need to be performed, as described in the rest of this manuscript.

Before embarking in end-to-end simulations, it is useful to break down this re-
quirement. There are several sources of errors that contribute to the overall HCI per-
formance. The most fundamental limits are photon noise from residual stellar light
and thermal background emission, and speckle noise associated with residual tur-
bulence after SCAO closed-loop control. These contributions are detailed in Sect. 5.1.
In addition, several sources of instrumental errors also affect the HCI performance
budget, as described in Chapt. 6. While these effects are studied one by one, in prac-
tice they add up and interfere to create the final HCI performance. Considering the
number of effects to take into account, and the fact that they do not simply add up
quadratically (they can in some case constructively interfere), we will try to limit the
influence of each individual contributor to 1/10th of the performance requirement,
i.e., 3 ˆ 10´6 at 0"1. This will be referred as our "goal".

4.5 METIS Coronagraphic Modes

4.5.1 Classical Vortex Coronagraph (CVC)

The METIS instrument will be equipped with an AGPM for the 4 bands, L, M, N1,
and N2 (to cover the total N band). Concerning the Lyot stop, the central obstruction
will be oversized to 33% of the external pupil diameter to reduce the total stellar
leakage to about 3%, while keeping a high throughput of about 90% (computed
with respect to the circularized ELT input pupil). The Lyot stop outer diameter is
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fixed to 98% of the external pupil diameter, and the Lyot stop spider width to 3%,
see Tab. 4.1.

4.5.2 Ring Apodized Vortex Coronagraph (RAVC)

The Ring Apodized Vortex Coronagraph (RAVC, Mawet et al., 2013a) combines a
vortex coronagraph (focal plane and pupil plane) with an amplitude ring apodizer
in the first pupil plane. It is then a three-stage optical system. The aim is to com-
pensate for the presence of the huge central obstruction in the telescope pupil, by
modulating the entrance pupil with a concentric apodizer (with chosen dimensions
and transmittances), to perfectly cancel the on-axis sources at the Lyot stop level.

FIGURE 4.3: Input pupil (circularized version of the ELT pupil) with
the greyscale apodizer, Lyot stop, and associated PSF for the charge-
2 RAVC (field of view of 100 λ{D). The cancellation is not perfect

because of the spider arms, for which the RAVC is not optimized.

The presence of a central obstruction induces residual light inside the Lyot stop,
because of the intrinsic properties of vortex coronagraphs of moving light in and out
of circular apertures. Adding a pupil ring apodizer, with radius r1 and amplitude
transmission coefficient t1 for r1 ă r ă R and t0 “ 1 for r0 ă r ă r1, the pupil field
after the vortex mask and the Lyot stop becomes (from Mawet et al., 2013a):
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(4.1)

It is then possible to completely cancel the light within r1 ă r ă R by varying
the apodizer parameters, t1 and r1, which leads to an expression for the amplitude
transmission:

t1 “ 1 ´

ˆ

r0

r1

˙2

(4.2)

The second parameter, the radius r1, is optimized by maximizing the throughput
T, defined as the ratio between the energy going through the ring and the energy
normally transmitted by the centrally obscured telescope aperture:
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The final optimal parameters are defined as:
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where R0 “ r0{R and R1 “ r1{R are the relative radii. Note that the RAVC
configuration depends only on the central obstruction radius: the bigger this radius,
the thinner the apodizer with a lower transmission.
For the circularized ELT/METIS pupil (with a central obstruction of 30%), we have
(see Fig. 4.3):

R0 “ 0.30 Ñ

#

t1,opt “ 0.76
R1,opt “ 0.62

(4.5)

Figure 4.3 shows the final PSF for the RAVC concept: the perfect cancellation is
not obtained because of the spiders (that are not considered in the RAVC optimiza-
tion) and, to a smaller extent, the gaps between segments. The overall throughput of
the RAVC for the METIS instrument is of 34% after the Lyot stop, and a total stellar
leakage of about 0.2% in presence of spider arms (with the Lyot stop outer diame-
ter at 98% of the external pupil diameter, and the Lyot stop spider width to 3%, see
Tab. 4.1). For FDR, the final design of the apodizer will be numerically re-optimized
to minimize the stellar leakage considering the exact ELT pupil.

TABLE 4.1: Lyot stop dimensions for CVC and RAVC.

Coronagraphic
mode

Inner diameter
[% of the external
pupil diameter]

Outer diameter
[% of the external
pupil diameter]

Spiders [% of the
external pupil di-
ameter]

CVC 33 98 3
RAVC 65 98 3



55

Part III

End-to-end simulations
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Chapter 5

Simulation tools

The high contrast imaging performance of the METIS instrument has been analysed with
end-to-end simulations. The simulation tools are presented in this chapter: the adaptive op-
tics simulations, the optical propagation, and the post-processing. The final result is given
by contrast curves, which are used to analyse the different coronagraphic modes and instru-
mental effects. This chapter is based on previous work published in Carlomagno et al., 2020.

5.1 The METIS HCI end-to-end simulator

Obtaining a realistic estimation of the METIS HCI performance requires to perform
end-to-end simulations, which must include three main steps:

1. perform AO simulations to provide residual phase screens;

2. propagate the residual phase screens through the instrument;

3. produce a mock HCI data set, in pupil stabilized mode, and analyse it to
evaluate the associated performance, by applying a classic ADI-based post-
processing methods to the image cube.

These three steps are detailed in the following sections.

5.1.1 Adaptive optics simulations

The quality of the adaptive optics correction provided by the SCAO module inside
METIS will set the fundamental limits to its HCI performance. In the context of
HCI observations, the SCAO module of METIS will generally be fed with bright, on-
axis natural guide stars. Because HCI is at the heart of the METIS science cases, the
SCAO system has been designed to provide the best possible performance for such
guide stars. It is based on an infrared Pyramid wavefront sensor (PyWFS, Ragaz-
zoni, 1996), which will feed a low-noise, high-speed, infrared electron-avalanche
photo-diode array. The PyWFS is expected to provide better Strehl ratio than a stan-
dard Shack-Hartmann WFS (Hippler et al., 2019), but also a better sensitivity to low
order modes.

METIS will use ELT-M4 and M5 to implement the AO correction. Assuming a
median seeing of 0"65 and a stellar magnitude K “ 5, the SCAO system is expected
to deliver high Strehl ratio: above 90% at L band, and around 99% at N band (Hip-
pler et al., 2019). The COMputing Platform for Adaptive opticS System (COMPASS,
Gratadour et al., 2014) has been used for the present study to perform SCAO simu-
lations. COMPASS is a (partly) open-source end-to-end adaptive optics simulation
platform built on a GPU architecture to enable long ELT-scale simulations within
a reasonable computation time. At MPIA, a NVIDIA Tesla K40M general purpose
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FIGURE 5.1: Left: AO residual phase screen. Right: RMS value for the
SCAO simulation.

GPU has been installed, which makes it possible to simulate 10-min AO sequences
with an image sampling of 592 pixels square in about 10 hours. The simulation pa-
rameters are summarized in Tab. 5.1. For the wavefront reconstruction, COMPASS
uses a modal approach, the control matrix is computed via a least-square approach
(truncated SVD where 79 modes are filtered-out when building the command ma-
trix). For the simulations described here (used for the PDR design, in May 2019), a
simple proportional-integral (PI) controller was used.

TABLE 5.1: SCAO baseline parameters used to run long-simulations
with COMPASS.

Parameter Value
Pupil diameter 37 m

Central obstruction 11.1 m
Spiders none

Segmentation none
Target star magnitude 5 (K-band)

Zenith angle 30°
Fried parameter @ 500nm 0.157 m

Outer scale 20m
Atmospheric layers 35

Wind direction random for each layer
Coherence time @ 500nm 5.35 ms

Sensing wavelength 2.2 µm (K-band)
Number of subapertures along diameter 74

PyWFS modulation circle 4λ{D, sampled in 24 points
Wavefront sensor throughput 0.327

WF slope calculation Vérinaud, 2004
Controller Integrator

HODM ELT/M4 type piezo-stack array (Gaussian influence functions)
TTDM ELT/M5 yes
Loop frequency 1000 Hz

Total frame delay 2
Loop gain 0.4
Sampling 592 pixels across aperture (= 6.25 cm/pixel)
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TABLE 5.2: Main parameters for the optical propagation simulations.

Band L & M N
Wavelengths 3.8 & 4.8 µm 8.7 & 11.5 µm
Grid size 1024ˆ1024 px 1024ˆ1024 px
Pixel size 5.21 mas 10.78 mas 1

For the purpose of the HCI performance tests, a series of 10-min AO sequences,
as well as a 1-h long AO sequence have been produced. For each simulation se-
quence, first the simulation is run for 1s without recording the residual phase in
order to make sure the AO loop is closed before recording the residual phase screens
(1 phase screen every 100ms). Besides atmospheric turbulence, no other temporally
variable effects, such as vibrations, varying NCPAs or observing conditions, have
been added. Note that the wind direction is assumed to be random in all atmo-
spheric layers. This is an optimistic assumption, which reduces the strength of the
wind-driven halo in AO-corrected images. Correlation between wind direction in
various layers has not been studied in this manuscript (a more realistic wind profile
was implemented after PDR).

All simulations are performed on a circularized version of the ELT pupil, corre-
sponding to the all-glass pupil of „ 37 m diameter. Spider arms were not included
in the SCAO simulations in order to remove any residual piston effect between the
six ELT petals. This effect will be studied separately in Sect. 6.2.5. A representative
phase screen, as well as the evolution of the standard deviation of the residual phase
across the pupil, are displayed in Fig. 5.1.

5.1.2 Optical propagation

The optical propagation inside the instrument is performed using a custom python
package referred to as HEEPS, which relies on the PROPER (Krist, 2007) optical
propagation library. The PROPER library contains routines of optical propagation
in the near-field and far-field conditions, using Fourier transform algorithms (Fres-
nel approximation). The propagating wavefront is described by its amplitude and
its phase. A perfectly collimated beam will present a planar surface for the con-
stant phase, while passing through a lens will modify it into a curve. In order to
avoid aliasing problems due to the representation of this curved phase surface into
a planar sampled grid, the phase is actually considered as a phase error relative to a
sphere with known radius of curvature.

FIGURE 5.2: Simplified scheme of the METIS high-contrast imaging
instrumental setup, used in the simulations.

1This pixelsize corresponds to the AQUARIUS detector, which was the baseline at the PDR. It has
been replaced by the GEOSNAP detector.
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The implemented propagation layout is very simple, as it includes only the pupil
planes and focal planes where HCI elements are placed inside METIS (see Fig. 5.2).
The input pupil of the coronagraph, defined by the ELT-M1 mirror, is re-imaged at
the CFO-PP1 pupil plane, where a ring apodizer can be inserted. CFO-FP2 is the
focal plane where the vortex phase masks can be inserted. The Lyot stops and APPs
are included inside the imager and spectrograph, at pupil planes referred to as LMS-
PP1, IMG-LM-PP1, and IMG-N-PP1. The two pupil planes inside the imagers will
be referred to as IMG-PP1 for convenience, although they are physically distinct.
Finally, the coronagraphic image is formed onto the detector, the second focal plane
included in the simulations. The main simulation parameters are listed in Tab. 5.2.
Here, we will mostly focus on L-band simulations, because they are more affected by
instrumental errors. We also include simulations in the M and N bands to illustrate
how the thermal background limits the sensitivity at longer wavelengths.

FIGURE 5.3: Left: Geometrical description of ELT-M1, including spi-
der arms. Right: Inscribed circular (all-glass) pupil used for the per-

formance analysis.

The ELT primary mirror (M1) contains 798 quasi-hexagonal segments, 1.45 m
from side to side, with 4 mm gaps between them (see Fig. 5.3, left). Six 60 cm-
wide spider arms divide the pupil into six sectors, or petals. The pupil used for
the simulations is the circular pupil inscribed in the ELT pupil (aka the all-glass
pupil), with an external diameter of 37 m and an internal one of 11.1 m (30% central
obstruction).

The optical propagation simulation produces noiseless coronagraphic PSFs for
each residual AO screen, creating a cube of 36000 coronagraphic PSFs for a 1h se-
quence sampled every 100ms. In Chapt. 6, instrumental errors within the optical
propagation prescription, such as pointing errors, pupil alignment errors, or differ-
ential piston between the ELT-M1 petals are added. All simulations are performed
at a single wavelength, but will be considered as representative of broadband ob-
servations. This inherently neglects all chromatic errors, and in particular the effect
of atmospheric dispersion in the Earth atmosphere. The simulations are therefore
more representative of narrow-band observations, even though it can be assumed
here that such performance can be preserved in the broadband METIS filters defined
in Tab. 5.3.

HEEPS

HEEPS is written in the open-source Python language. The architecture is illustrated
in Fig. 5.4.
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FIGURE 5.4: Architecture of the HEEPS package.

The simulation parameters (as the width and the position of the spiders or the
wavelength of the simulation) are loaded through the file simulation_config.py and
they can be updated while running the simulation. This file also creates the directo-
ries temp_files and output_files, where the calibration files and the results are stored,
and the directory input_files, where the fits files (as the pupil or the APP apodizer),
downloaded by the file simulation_config.py, are stored.
The HEEPS package simulates the end-to-end optical propagation, following Fig. 5.2.
The pupil() module creates the pupil of the telescope, by importing a grey scale
hexagonal pupil (see Fig. 5.3). Misaligned segments can be defined here (9 options
are possible, following the number and the distribution of the misaligned segments).
The wavefront_abberations() module modifies the wavefronts, by applying the input
aberrations, as the atmospheric residuals (via the atmosphere module), the NCPA
(via the NCPA_application module), the differential piston (Island Effect, via the is-
land_effect_piston module) to the 6 petals, and the pointing tilt.
Through the apodization function, the coronagraph() module allows to apply apodiz-
ers (phase or amplitude) to the first pupil plane (and define its misalignment, if
needed), while the function lyotstop can specify an apodizer (phase or amplitude)
of the second pupil plane (as for the LPM coronagraphic option, see Sect. 8.2.3),
together with its misalignment.
The coronagraphs() module applies the coronagraph to the wavefront. Several op-
tions are possible:

• LS: Lyot Stop. Mostly in combination with other coronagraphs, this option
creates an amplitude stop at the second pupil plane (via the function lyotstop).
Its default characteristics are the ones for the charge 2 vortex coronagraph.

• CVC: Classical Vortex Coronagraph. This option introduces a vortex phase
mask at the first focal plane (via the function vortex), followed by its Lyot stop.
The default charge is 2, however higher charges can be implemented.
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• RAVC: Ring Apodized Vortex Coronagraph. This option creates an apodized
vortex coronagraph; by default, it is a charge 2 coronagraph. It first applies the
apodization mask at the first pupil plane (via the function apodization), then it
creates a charge 2 vortex phase mask, with an optimized Lyot stop (its charac-
teristics are implemented by default for a charge 2 vortex coronagraph).

• PAVC: Polynomial Apodized Vortex Coronagraph. This option creates an apodized
vortex coronagraph, with a slightly different apodization function with respect
to the RAVC (see Sect. 8.2.2). As for the latter, the vortex and the Lyot stop are
created accordingly. The default options are two: a charge 4 and a charge 6
vortex coronagraphs.

• DV: Double Vortex. This option applies a double charge 2 vortex coronagraph
(Mawet et al., 2011).

• Apodizer. This option applies a pupil apodization to the first pupil plane (via
the function apodization).

The detector() module propagates the beam up to the detector plane (second focal
plane), saving the PSF in a fits file.
The RAVC apodization is computed mathematically (see Sect. 4.5.2), while for the
PAVC, the APP and the LPM, a fits file is uploaded with the relative apodization,
which was previously optimized.
In order to simulate the full SCAO sequence (a few thousands phase screens), mul-
tiple CPUs can be used via the multiprocessing Python library.

5.1.3 Mock observations and post-processing

In order to turn the noiseless coronagraphic PSFs into a realistic observing sequence,
the main observing parameters need to be defined. We assume a standard HCI ob-
serving sequence with a bright, early-type star (K “ 5, L “ 5) observed for one hour
around meridian crossing, and culminating at a minimal zenithal distance of 20°.
This observing sequence provides a total rotation of the parallactic angle of about
35°, and would correspond more or less to the case of 51 Eri observed from the ELT
site. Note that the variation of airmass during the observation is not captured in the
AO simulation. This is not expected to be a strong contributor to the HCI perfor-
mance, as the zenith angle varies only by one degree during the whole observing
sequence. At N band, a very bright star similar to Alpha Centauri (N “ ´1.6) is
assumed, while keeping the rest of the observation parameters.

TABLE 5.3: Filter definition, total stellar flux for L “ M “ N “ 5,
and background flux per pixel (source: METIS simulator, SimMETIS,

version 02, metis.strw.leidenuniv.nl/simmetis).

Filter Wavelength 50% width Stellar flux Background flux
[µm] [µm] [e´/sec] [e´/sec/px]

L band HCI-L long 3.82 0.27 9.00 ˆ 108 8.88 ˆ 104

M band CO ref 4.80 0.22 2.45 ˆ 108 6.71 ˆ 105

N band N1 8.65 1.17 2.98 ˆ 108 9.63 ˆ 107

N band N2 11.25 2.34 2.82 ˆ 108 2.14 ˆ 108

metis.strw.leidenuniv.nl/simmetis
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Once the observing sequence is defined, producing a realistic mock observa-
tion requires to scale the noiseless coronagraphic PSFs produced above to the ac-
tual stellar flux in photo-electrons, to add the emission from the thermal infrared
background, and to include the effect of the main noise sources. It is then converted
into ADU, taking into account the inputs from the METIS simulator (R. van Boekel,
pers. comm., see Tab. 5.3) and assuming a target star of magnitude L “ M “ 5, or
N “ ´1.6. The background is then added, and finally random shot noise is gener-
ated, independently on each pixel. Classical ADI processing (see Sect. 2.3.1, Marois
et al., 2006) is used to process the mock data cubes, using the open source package
VIP (Gomez Gonzalez et al., 2017). The main metric used in this thesis to evaluate
METIS HCI performance is the post-processed 5σ contrast (Mawet et al., 2014). The
noise level in the final image is computed at a given angular separation from the star
as the standard deviation of the aperture fluxes measured in as many independent
resolution elements as can be defined at that separation. In order to evaluate the
sensitivity limit of the instrument in terms of contrast, this noise level must then be
compared to the non-coronagraphic signal of the host star, taking into account the
throughput of the post-processing algorithm. This throughput is evaluated by in-
jecting fake companions at various positions into the raw data and by applying the
same post-processing algorithm to measure the amount of signal preserved in the
final post-processed image. The formula defining the 5σ contrast is the following:

c “
5N
τS

(5.1)

where N is the noise, S the non-coronagraphic stellar signal measured in an aper-
ture of size equal to one resolution element (λ{D), and τ the algorithm throughput.
Note that the factor 5 is associated with a fixed false alarm probability (3 ˆ 10´7)
for purely Gaussian noise. The small number of samples at short angular separa-
tions modifies the relation between false alarm probability and noise level (Mawet
et al., 2014). In order to keep the same false alarm probability at all separations, this
requires to modify the definition of contrast, taking into account a t-Student distribu-
tion instead of a standard Gaussian distribution. A two-sample t-test is used to see
whether the intensity of a given resolution element is statistically different from the
flux of similar λ{D circular apertures at the same radius r from the star. This penalty
associated to small sample statistics is taken into account in all contrast curves pre-
sented in this thesis.
A second contrast-related metric useful to evaluate the HCI performance is the raw
contrast, which is defined, at any given separation, as the ratio between the inten-
sity of the considered PSF (be it coronagraphic or not) and the peak of the off-axis
PSF with the same METIS configuration (Lyot stop, apodizer, etc). It indicates the
mean level of residual starlight at a given separation. Raw constrast can readily be
assessed by plotting the PSF profile of interest in a figure where the direct PSF pro-
file culminates at 1 on the optical axis. This metrics does not tell what is the faintest
source that can be detected, as it is not a direct indicator of noise level. Yet, raw
contrast can be useful to assess a coronagraph’s capability to cancel stellar light. In
the case of the APP, this estimation is done on the clean half of the field-of-view.
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5.2 SCAO simulation setup

5.2.1 Duration and sampling of the AO sequence

Before presenting the nominal HCI performance, it is important to study how the
duration and time sampling of the AO residual phase screen sequence affects the
estimated performance, in order to come up with a baseline set of AO simulation
parameters that provide robust performance estimation within a reasonable compu-
tation time. All simulations performed in this section are done for a RAVC operating
at L band, because it is supposed to be the best performing HCI mode, on which the
influence of the AO sequence can most readily be assessed. To reduce computation
time, the field-of-view is generally cropped to a radius of about 0"6, which produces
individual frames of about 240ˆ240 pixels based on the sampling of 5.21 mas/pixel
for the LM-band images detector. Background noise or photon noise are not in-
cluded here to highlight the effect of pure speckle noise. As shown later in figures
6.2, 6.3, 6.4, and 6.5, the background noise creates a plateau at larger angular sepa-
rations, drowning the coronagraphic signal. On the contrary, since the degradation
at smaller angular separation is less significant, including the background and pho-
ton noise would prevent from discriminating the effects that have more detrimental
consequence on the contrast.
Ideally, it would be logical to use a 1-h SCAO simulation, to match the typical du-
ration of an ADI observing sequence, with a sampling down to a few tens of msec
to properly capture the evolution of atmospheric turbulence in the thermal infrared,
where the atmospheric coherence time τ0 ranges from a few tens of msec to a few
hundred of msec depending on weather conditions and wavelength. A 10-msec
sampling would however result in 360,000 phase screens for each individual end-
to-end simulation, which is not acceptable in terms of computation time. In order
to perform a parametric study of the SCAO and of the instrumental noise sources
within a reasonable time, the computation time associated with one single end-to-
end simulation has to be reduced. The influence of the duration and sampling of
SCAO simulations on the ADI contrast curves is therefore investigated.

5.2.1.1 Duration

FIGURE 5.5: Comparison of contrast curves obtained for the RAVC
at L band with three SCAO sequences of different duration and sam-
pling: 1 h with 100 msec sampling (black), 10 min with 20 msec sam-

pling (red), and 1 min with 2 msec sampling (green).
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Assuming a 1-h long simulation as a baseline, the best sampling that can be used
while maintaining a reasonable CPU time and a reasonable RAM usage is about
100 msec, which gives a total of 36,000 phase screens. The computation time is then
around one day for the SCAO simulation on the MPIA GPU server, about 10 h for the
optical propagation on a multi-core CPU server, and a couple of hours for the con-
trast curve computation. The RAM usage for the optical propagation and contrast
curve computation can be kept below the 128 Gb available on the CPU server.

In order to investigate the effect of the SCAO sequence duration, two other se-
quences are produced, respectively 1-min and 10-min long, with a similar number
of phase screens. For that, a sampling of 2 msec in the first case, and 20 msec in the
second case, are used, which results in 30,000 phase screens in both cases. In terms
of optical propagation and contrast curve computation, the advantage is negligi-
ble, since only the number of phase screens has an impact on them (from 36,000 to
30,000 phase screens). In order to simulate a 1-h long ADI sequence based on these
two shorter SCAO sequences, they are artificially stretched in time, so that the time
between samples becomes 120 msec instead of 2 or 20 msec. All three sequences
are then post-processed with the same classical ADI algorithm to produce contrast
curves. This is illustrated in Fig. 5.5, where one can note that using the 10-min se-
quence results in a degradation of the contrast by less than a factor 2. Conversely,
going to a 1-min sequence results in a very significant degradation of the contrast,
by a factor around 5. Stretching a SCAO sequence does not preserve the timescale of
correlation between successive phase screens (or equivalently, the shape of the tem-
poral PSD), and so also between the associated coronagraphic PSFs, degrading the
contrast as the SCAO sequence is shortened. It is well known that the performance
of ADI post-processing techniques largely depends on the level of temporal correla-
tion between individual PSFs.
The conclusion of this comparison is that, while 1-h long sequences should ideally
be used to assess HCI performance, using 10-min sequences can also be tolerated in
cases where the computation time for the SCAO simulation becomes prohibitively
large. In particular, testing various SCAO configurations/parameters with 1-h long
sequences is impractical, and will generally be restricted to 10-min long sequences.

5.2.1.2 Sampling

Reducing the number of phase screens decreases the computation time for the op-
tical propagation and contrast curve calculation. For that, the two longest SCAO
simulations are chosen, respectively spanning 10 min with a sampling of 20 msec,
and spanning 1 h with a sampling of 100 msec. In Fig. 5.6, one can see how the
final post-processed contrast is affected when down-sampling these series of phase
screens in the time domain. From the 10-min simulation (top), it can be observed
that down-sampling to one phase screen every 100 msec still produces an acceptable
result in terms of contrast level (degradation by less than a factor 2). This seems to be
in line with a coherence time of up to about 100 msec at L band. The 1-h simulation
(bottom) confirms that a coarser sampling than 100 msec starts to take a significant
toll on the estimated performance, although one can note that the 300 msec sampling
on the 1-h sequence provides a final contrast similar to the 10-min sequence with
20 msec sampling, due to the improved contrast obtained by going from a 10-min to
a 1-h sequence. The degradation in performance associated with a down-sampling
from 100 msec to 300 msec is still generally not larger than a factor 2, which is con-
sidered acceptable.
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FIGURE 5.6: Comparison of contrast curves obtained with the RAVC
at L band with various sampling times for two SCAO sequences, re-

spectively 10-min long (top) and 1-h long (bottom).

In conclusion, in order to reduce the required computation time, either a 1-h long se-
quence with 300 msec sampling (12,000 phase screens, 4hours for the optical prop-
agation and a couple of hours for the contrast curve calculation), or a 10-min long
sequence with 100 msec sampling (6,000 phase screens, 1hour for the optical propa-
gation and half an hour for the contrast curve calculation) will be used. The former
will only be used to study instrumental effects that do not require to produce new
SCAO simulations (i.e., effects associated with the coronagraphs), while the latter
will be used to explore the influence of SCAO performance (the computation time
goes from a day for the 1-hour sequence to few hours for the 10-min one).
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Chapter 6

METIS performance

The end-to-end performance simulations of the METIS instrument are presented in this chap-
ter. Firstly, a nominal performance is established, by considering only the SCAO residual
phase screens and the thermal background noise, and considering the instrument otherwise
perfect. We then use this nominal performance as reference to compare instrumental and
environmental effects applied to the instrument, as pointing jitter or non-common path aber-
rations. This chapter is based on previous work published in Carlomagno et al., 2020.

6.1 Nominal HCI performance in presence of AO residuals

6.1.1 L-band performance

FIGURE 6.1: Top. Representative instantaneous (300 msec exposure
time) PSFs at L band, using a single SCAO residual phase screen, ob-
tained in the case of CVC (left), RAVC (center), and APP (right). Bot-
tom. Same for long-exposure (1 hour exposure time) PSFs. All images

have been cropped to a field-of-view of 100λ{D, i.e., 2"1 at L band.

Using the 1-h SCAO sequence with 300-msec sampling, a first set of simulations
is performed at L band (central wavelength of 3.8 µm) for the three main corona-
graphic concepts considered for METIS: the CVC, the RAVC, and the APP (using
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the PDR version of the APP design). In Fig. 6.1, one can see the representative in-
stantaneous PSFs for the three coronagraphic concepts, as well as the long-term PSF,
averaged over the full 1-h sequence. This figure clearly highlights the well-corrected
region corresponding to the spatial frequencies that can be controlled by the ELT
deformable mirror (about 80λ{D across). It also highlights the amount of starlight
remaining in the science focal plane, ranging from full stellar light in the case of the
APP, to very low starlight for the RAVC. The mean total stellar leakage for the CVC
and RAVC in presence of AO residuals are respectively around 8% and 3%. These
figures are due to the combination of diffraction in the telescope and atmospheric
turbulence. In the absence of any perturbation, the total stellar leakage for these
two configurations, due exclusively to diffraction effects associated to the shape of
the input pupil (and to the Lyot stop design), would amount to 3% (CVC) and 0.2%
(RAVC). The level of residual starlight should also be compared with other funda-
mental contributors to the total stellar leakage, such as the chromaticity of the vortex
phase mask (total leakage around 0.1%), the influence of atmospheric dispersion (to-
tal leakage below 1% on HCI-compliant filters), or the influence of partially resolved
stellar surfaces (total leakage of 4% for α Cen A, one of the worst cases for METIS
HCI). The results presented here are valid for sufficiently low air masses–or equiv-
alently for sufficiently narrow filters (bandwidth generally smaller than 10%)–, and
for sufficiently compact stars (angular diameter smaller than 4 mas at L band), in
which cases the effect of atmospheric dispersion and of partly resolved stellar sur-
faces is reduced below the level of stellar leakage associated to pure atmospheric
turbulence.

The raw PSF profiles (a.k.a. raw contrast) and the 5σ sensitivity limits in terms of
flux ratio after ADI post-processing (a.k.a. contrast curves) are displayed in Fig. 6.2.
In the case of the APP, the raw and post-processed contrasts were computed by com-
bining the dark holes associated to the two coronagraphic PSFs of the grating-vector
APP. This leaves in principle a bright stripe of speckles in between the two dark
holes. Here, this bright stripe was artificially dimmed to facilitate the contrast com-
putation. The contrast curves for the APP are thus somewhat optimistic, especially
at the shortest separations where the bright stripe has the largest relative influence.
It can be noted that the RAVC, CVC, and APP meet the goal of 3 ˆ 10´6 contrast at
5λ{D.

The non-coronagraphic mode was not included in these curves, because very
detrimental effects could not be taken into account in the simulations. These effects,
as straylight and detector saturation effects, significantly limit the discovery space
at small angular separations from bright stars in the non-coronagraphic case.

It is noteworthy that the sensitivity limits become dominated by thermal back-
ground noise beyond about 0"3 (or even 0"2 for the RAVC), for the stellar magnitude
L “ 5 considered here. Further simulations show that, for L “ 8, the transition
between the speckle-dominated and the background-dominated regimes shifts to
about 0"1 (i.e., 5λ{D). Using a coronagraph for fainter targets becomes less and less
useful. The APP sensitivity takes into account the fact that the planetary signal is di-
vided into two conjugated PSFs by the phase plate, and that its Strehl ratio is reduced
by the redistribution of the light required to create a dark hole. The background-
limited sensitivity of the APP is therefore similar to the RAVC’s. The CVC provides
the best sensitivity limits in the background-limited regime (very close to the non-
coronagraphic sensitivity limit), thanks to its high throughput.
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FIGURE 6.2: Raw contrast (top) and ADI contrast curve (bottom) for
RAVC, CVC, and APP observing modes at L band. In the bottom plot,
the solid curves include only the contribution of speckle noise, while
the dashed curves include the effect of the thermal background (shot

noise) for a star of magnitude L “ 5.

6.1.2 M-band performance

The same analysis as in L band is carried out at M band in Fig. 6.3. The raw contrast
shows a significant improvement compared to L band, because all phase errors have
a smaller effect at longer wavelengths. The ADI contrast curves computed in the
absence of thermal background and photon noise improve accordingly. However,
in presence of thermal background and photon noise, the performance is largely
decreased, due to the higher background level at M band. This also means that
the RAVC becomes less useful at this wavelength, and will only be used for stars
significantly brighter than M “ 5.

6.1.3 N-band performance

Because of the large thermal background, coronagraphy at N band will only be use-
ful for the brightest stars. Here, it is presented only the case of α Cen A, with magni-
tudes K “ ´1.5, N “ ´1.6. For the sake of simplicity, the same set of SCAO residual
phase screens as described in Sect. 5.2 are kept, recognizing that photon noise is not
dominant for stellar magnitudes K ď 5, so that one cannot expect a significant im-
provement in terms of SCAO residuals compared to the case presented in Sect. 5.2.
We also kept the same trajectory in the sky as in the previous section, although it is
recognized that a 1-h observing sequence on α Cen would actually lead to a paral-
lactic angle variation of only about 23° (instead of 40°).
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FIGURE 6.3: Same as Fig. 6.2 for M band, in the case of a star of mag-
nitude M “ 5.

The sensitivity limits at 8.7 µm (aka N1 band) and 11.5 µm (aka N2 band) are
displayed for α Cen A in Figs. 6.4 and 6.5. They show that, even for one of the bright-
est stars in the sky, the performance is background limited for angular separations
larger than about 0"5. Because the RAVC largely decreases the total throughput, this
mode is not considered at N band. Indeed, additional simulations show that, even
for a bright star like α Cen, the RAVC would improve HCI performance only within
about 0"1. A simple CVC is preferred at N band to provide the highest possible
throughput, while still reducing the total amount of stellar light from the host star
by a factor „30, and the peak intensity in any pixel by a factor slightly larger than
100.

6.2 Influence of individual contributions

Most of the instrumental and environmental parameters of the SCAO system have
a direct influence on HCI performance. Some important effects at SCAO level are
described in the following sub-sections, such as residual pointing jitter (Sect. 6.2.4),
and petal piston (Sect. 6.2.5).

Here, and for the rest of this thesis, L-band simulations at 3.8 µm are considered
as baseline to explore the influence of instrumental and environmental error sources
and quantify their effect on HCI performance. The reason for using the L band is
that on one hand, the contrast requirement for METIS is defined at L band, and
on the other hand, instrumental effects are supposed to have the highest relative
influence at the shortest wavelengths. We will focus on the RAVC mode, which
shows the best performance in the speckle-dominated regime, and is also therefore
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FIGURE 6.4: Same as Fig. 6.2 for N1 band (around 8.7 µm), in the case
of a star of magnitude N “ ´1.6.

expected to show the strongest (relative) dependence on instrumental errors. All
contrast curves from now on do not include the influence of the thermal background,
as the speckle-limited contrast is considered important here. Adding the effect of
thermal background would only conceal the effects that we aim to evaluate. When
discussing the performance of HCI modes, one should have in mind that a large part
of the search region will actually be background-dominated for most stars. The need
for reaching very deep contrasts in these regions will be weighted accordingly.

6.2.1 Strength of atmospheric turbulence

One of the main parameters influencing the SCAO performance is the strength of at-
mospheric turbulence. Here, the influence of the Fried parameter r0, or equivalently
of the seeing, is presented. Fig. 6.6 presents the ADI post-processed contrast for a
series of 10-min COMPASS simulations obtained under various seeing conditions
ranging from excellent (0"45) to poor (0"95). While seeing has a significant influence
on HCI performance, one can see that performance at small separations is weakly af-
fected. Even the worst seeing explored here does not break the self-defined require-
ment of 3 ˆ 10´6 at 5λ{D. This suggests that, provided that the SCAO loop remains
robust under such conditions (which seems to be the case based on the COMPASS
simulations), HCI observations could in principle be carried out most of the time
with METIS at the ELT.
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FIGURE 6.5: Same as Fig. 6.2 for N2 band (around 11.5 µm), in the
case of a star of magnitude N “ ´1.6.

6.2.2 Pupil shape (misaligned segments)

The ELT pupil is not coronagraphy-friendly, due to the presence of a big central ob-
struction, secondary support structures, and segments. All these features have a
large impact on HCI performance, all the more that the image of the ELT pupil is not
stabilized in position and rotation at CFO-PP1, where the effects of diffraction could
have been handled by advanced apodizer designs. Both APP and RAVC have been
optimized to mitigate the effect of the 30% central obstruction, but the spiders still
represent an important source of spurious diffracted light. This is particularly true
for the vortex coronagraph, because the ring apodizer is located ahead of the dero-
tator, so that it cannot be optimized to handle starlight diffracted by spider arms.
Conversely, the APP has been optimized to take into account the effect of the spi-
ders, because it is positioned after the derotator, in a pupil plane where the image of
the ELT pupil is stabilized. The spiders have two effects: on one hand, they lead to
additional diffracted stellar light inside the Lyot stop, and on the other hand, their
own thermal emission increases the background emission if not properly masked by
the cold Lyot stop. Thanks to the stabilization of the ELT pupil inside METIS, the
image of the spiders can be masked at the Lyot stop / APP level with a reasonable
level of oversizing: for 60-cm spiders in the ELT pupil plane (1.6% of the input pupil
diameter), the spider width in the Lyot stop / APP plane amounts to about 3% of
the pupil diameter (i.e., about 110 cm in the ELT pupil), taking also into account the
effects of pupil blurring and shear.

Besides spiders, mirror segmentation can also lead to performance degradation.
Segmentation itself creates spurious replica of the ELT PSF within the coronagraphic
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FIGURE 6.6: Raw contrast (top) and ADI post-processed contrast (bot-
tom) for the RAVC at L band for various seeing conditions, consider-
ing only the contribution of AO residuals speckle noise (no photon

noise considered here and in the next following figures).

FIGURE 6.7: Left. Input pupil with 7 misaligned segments in flower
configuration. Middle. Corresponding distribution of light in the Lyot
stop plane for the RAVC. Right. Averaged noiseless coronagraphic

PSF, in presence of atmospheric turbulence.

images. These aliases however appear at spatial frequencies higher than the fre-
quencies that can be corrected by the M4 deformable mirror. They will therefore
be located in a region where HCI performance is severely reduced, and are thus
not considered as a critical issue here. The real problem with mirror segmentation
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is that, during night-time operations, several mirror segments could be misaligned
due to maintenance. The average number of misaligned segments will be no more
than seven during the ELT lifetime. The most probable spatial distribution of miss-
ing segments is a flower pattern (i.e., seven neighboring segments, see Fig. 6.7, left)
due to a failure within a segment concentrator. Because these misaligned segments
may change from night to night, it is impossible to optimize the coronagraphs to
compensate for them.

FIGURE 6.8: Raw contrast (top) and ADI post-processed contrast (bot-
tom) for the RAVC at L band in presence of residual atmospheric
turbulence for various configurations of misaligned segments in the
ELT pupil, considering only the contribution of AO residuals speckle

noise.

Assuming that the misaligned segments will be looking at an empty sky region,
their net effect is to create a “hole” in the starlight intensity distribution in the input
pupil. This hole will create additional diffracted starlight inside the coronagraph,
leading to additional stellar leakage in the coronagraphic PSF (see Fig. 6.7).

Fig. 6.8 shows the contrast curves in presence of one or two sets of seven mis-
aligned segments, arranged in a flower pattern. In this configuration, the effect of
misaligned segments starts to show at angular separations larger than about 3λ{D.
At 5λ{D, where the contrast requirement is defined, the ADI contrast is degraded
by a factor around 5, in the case where one set of misaligned segments is located
in the outer part of the pupil defined by the Lyot stop of the RAVC. While the ADI
contrast performance is still compliant with the requirement (3 ˆ 10´6), it would
clearly be preferable to operate the METIS HCI modes in the absence of misaligned
segments. One can see that the presence of misaligned segments in the inner part of
the pupil (blocked by the RAVC Lyot stop) does not significantly impact the RAVC
performance.
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6.2.3 Pupil stability

Thanks to the pupil stabilization mechanism, the ELT pupil will be stabilized in-
side METIS with a relative accuracy of about 1%. This stabilization however occurs
downstream of CFO-PP1, where the ring apodizer will be installed. This means that
the ring apodizer will be seen as drifting on top of the image of the ELT pupil, with
an expected PtV amplitude of about 2.5%. Here, the effect of this drift, illustrated
in Fig. 6.9, on the METIS HCI performance is investigated. The residual drift of the
ELT pupil image downstream of the pupil stabilization mirror will be compensated
by oversizing/undersizing the Lyot stop appropriately, and will therefore not con-
tribute significantly to the stellar leakage level (but will reduce the overall through-
put). Based on the expected stability of the ELT pupil with respect to METIS, the
central obstruction in the Lyot stop has been further oversized by about 3%.

FIGURE 6.9: Effect of the ring apodizer misalignment on the RAVC
behaviour. The misalignment has been exaggerated to 5% here for the
sake of illustration. Illustration of the apodizer misalignment (left),
intensity distribution at the Lyot plane, just after the Lyot stop (cen-

ter), and associated coronagraphic PSF (right).

The effect of the misalignment of the ring apodizer with respect to the input pupil
and Lyot stop is illustrated in Fig. 6.9. The additional amount of stellar leakage in
the focal plane remains relatively low, as long as the footprint of the transition be-
tween the two zones in the apodizer remains hidden behind the central obscuration
of the Lyot stop. To simulate the effect of drifts in the ELT pupil position during an
HCI observing sequence, drifts with PtV amplitudes ranging from 1% to 5% of the
M1 projected diameter have been injected in the optical propagation of the phase
screens (see Fig. 6.10). In the simulations, the apodizer moves with respect to the
ELT-M1 pupil image along the x axis, with a timescale equal to the duration of the
ADI sequence. While the effect of this drift on the amount of stellar leakage is low,
the effect on the ADI post-processed contrast is significant because of the deforma-
tions of the coronagraphic PSF associated to the changing intensity distribution in
the input pupil. By assuming that the drift happens on the same timescale as the
ADI observing sequence, a worst case scenario is here presented, as the variations
in coronagraphic PSF shape will not average out sufficiently well on typically ob-
serving sequences using classical ADI processing. Under this hypothesis, a drift of
1% PtV would already be detrimental to the HCI performance at the shortest an-
gular separations (see Fig. 6.10). Yet, we can tolerate a drift of the ELT pupil of up
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to 3% PtV with respect to the CFO-PP1 pupil inside METIS before reaching the re-
quirement in terms of post-processed contrast. This is compatible with the expected
stability of the ELT pupil at the level of CFO-PP1.

FIGURE 6.10: Raw contrast (top) and ADI post-processed contrast
(bottom) for HCI performance for the RAVC at L band in presence
of various PtV amplitudes of low-frequency drift in the alignment of
the ring apodizer compared to the ELT pupil, considering only the

contribution of AO residuals speckle noise.

Any pupil drift happening at higher temporal frequencies, including pupil jitter
due to vibration, would have a smaller influence on the HCI performance than the
low-frequency drift simulated here, because it would partly average out in ADI post-
processing. The amplitude of pupil jitter is expected to be smaller than 1%, anyway,
and will therefore not contribute significantly to the HCI performance budget.

It must be noted that, whatever their amplitude, drifts of the ELT pupil with
respect to METIS are an effect on which there is almost no control. In case ELT
pupil drifts turn out to be larger than anticipated, it could be possible to use more
advanced post-processing techniques to (partly) mitigate this effect. For instance,
ADI post-processing algorithms based on principal component analysis (Soummer
et al., 2012, Amara et al., 2012) have been used, and it is possible to gain up to a
factor two in terms of post-processed sensitivity at 5λ{D, which would permit to
work with pupil drifts larger than 5% PtV.

6.2.4 Pointing errors

Focal-plane phase mask coronagraphs, like the vortex coronagraph, are known to
be particularly sensitive to low order aberrations, and to tip-tilt errors in particular
(Mawet et al., 2010). Tip-tilt errors create additional leakage of stellar light through
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FIGURE 6.11: Left. Stellar leakage vs pointing offset for the RAVC
on the ELT pupil, compared to the theoretical relationship for a CVC
operating on a non-obstructed, circular pupil. Right. Coronagraphic

PSF for a 1 mas pointing offset.

the Lyot stop, thereby reducing the achievable contrast. For a simple charge-2 vortex
coronagraph, there is a square relationship between pointing error θ (expressed in
units of λ{D) and stellar leakage η (Huby et al., 2015):

η “
π2

8
θ2 . (6.1)

In the case of the RAVC on the ELT pupil, an analytical relationship cannot be found,
but simulations show that the dependency still mostly follows a square relationship
close to the optical axis, as illustrated in Fig. 6.11, left.

Pointing errors can be divided into two main parts: high-frequency pointing jit-
ter (typically ą 1 Hz), and low-frequency pointing drifts (typically ă 1 Hz). In the
former case, random deviations from perfect alignment of the star with the center of
the vortex phase mask create rapid fluctuations of the stellar leakage, which also en-
hance speckle noise and starlight-related photon noise. When telescope vibrations
are not taken into account, SCAO simulations contain a very small amount of point-
ing jitter (around 0.1 mas). Taking into account telescope vibrations could increase
this jitter beyond 1 mas RMS. To explore the influence of pointing jitter, additional
high-frequency random jitter has been added to the SCAO phase screens, with four
different levels: 0.5 mas, 1 mas, 2 mas, and 5 mas RMS, using the 1-h sequence sam-
pled at 300 msec. Fig. 6.12 shows that the influence of high-frequency pointing jitter
shows up mostly at short angular separations.

While the influence of high-frequency pointing jitter largely averages out during
post-processing, slow pointing drifts (see Fig. 6.13) are expected to have a very large
impact on post-processed contrast. Slow pointing drifts are not expected to be due
to SCAO itself, as it will provide excellent stability of the set point, but rather due
to the non-common path between SCAO and the coronagraph, including the effect
of differential atmospheric refraction between K band (where SCAO operates) and
longer wavelengths (where coronagraphic observations are performed).

Quasi-static pointing errors can even lead to systematic biases in the final, post-
processed images, e.g., by making one side of the image brighter than the other
(see Fig. 6.11, right). Such errors can be associated with mechanical drifts in the
coronagraphic components (e.g., vortex phase mask), or to imperfect prediction of
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FIGURE 6.12: Raw contrast (top) and ADI post-processed contrast
(bottom) for HCI performance for the RAVC at L band in presence
of pointing jitter, considering only the contribution of AO residuals

speckle noise.

the effect of atmospheric refraction on the PSF position at the vortex phase mask
location. This is the reason why common-path pointing control will be implemented
in METIS, using the QACITS algorithm (Huby et al., 2015). This algorithm derives
the centering error by analyzing the shape of the coronagraphic PSF on the science
camera.

To investigate the influence of non-common path pointing errors, low-frequency
pointing drifts have been added to the SCAO phase screens with a timescale equal
to the full observing sequence, and with PtV amplitudes ranging from 0.2 to 2 mas.
The star was set to move along the x axis during the AO sequence. As in the case of
pupil drifts, this represents a worst-case scenario, because the timescale of the offset
perfectly matches the timescale of the ADI sequence. It is implicitly assumed here
that the pointing control algorithm (QACITS) does not produce any significant bias
on the centering of the star, which should be the case for a good alignment between
the input pupil and the Lyot stop (Huby et al., 2017).

Low-frequency pointing drifts have a huge impact on the final sensitivity (see
Fig. 6.13): a PtV amplitude of 0.4 mas would already marginally break the require-
ment of 3 ˆ 10´6 at 5λ{D. This corresponds to 0.02λ{D PtV at L band. Previous
experience with QACITS at Keck/NIRC2 (Huby et al., 2017) shows that the closed-
loop pointing stability using feedback from the science camera can go down to about
0.01λ{D RMS (i.e., „ 0.025λ{D PtV) using a simple integrator with a control fre-
quency around 0.1 Hz. While this is slightly larger than the requirement to keep
the METIS performance compliant with the self-defined requirement, it must be
noted that speckles associated to temporal frequencies higher than 0.001 Hz will
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FIGURE 6.13: Raw contrast (top) and ADI post-processed contrast
(bottom) for HCI performance for the RAVC at L band in presence of
various PtV amplitudes of low-frequency pointing drift, considering

only the contribution of AO residuals speckle noise.

average out to some level during the ADI post-processing, and that the contribution
of frequencies below 0.001 Hz to the total RMS pointing error should be significantly
smaller than 0.01λ{D thanks to the integral control.

6.2.5 Petal piston

As for most ground-based telescopes, the ELT pupil is divided into a number of
separated regions (referred to as petals) by the support structure of the secondary
mirror (spider arms). The presence of spiders has recently been shown to be at the
origin of the “low wind effect”, which creates additional aberrations at low spa-
tial frequencies that are not well detected by standard Shack-Hartmann wavefront
sensors (Milli et al., 2018). Even worse, the discontinuity of the pupil can lead to
an artificial buildup of piston error between petals in closed-loop AO operations.
Fortunately, the pyramid wavefront sensor used in METIS is more sensitive to this
petal piston mode, and specific strategies will be implemented to mitigate this effect
(Hutterer et al., 2018b).

In order to evaluate the effect of petal piston on the coronagraphic performance,
differential piston between petals has been introduced in the SCAO phase screens,
with various amplitudes (10, 20, 50, and 100 nm). A first test introduced static petal
piston, which demonstrated small effect on the contrast curves, because the ADI
post-processing is able to average its effect on the sequence. We then only consider
the case of variable petal piston, assuming a sinusoidal behaviour for all petals. To
avoid coherent effects between petals, the phase of the sinusoid is chosen different
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FIGURE 6.14: Raw contrast (top) and ADI post-processed contrast
(bottom) for HCI performance in presence of variable piston between
the six ELT petals, for the case of petal piston drift, with a drift
timescale of 1 h, considering only the contribution of AO residuals

speckle noise.

for the piston in all petals, and its amplitude is slightly varied from one petal to
the other. Two different timescales were chosen to inject petal piston on the 1-h
SCAO sequence, with periods of approximately 1s (Fig. 6.15) and 1 h (Fig. 6.14). As
already seen in the case of pointing errors, a high-frequency time evolution is largely
averaged out by the ADI post-processing, while a slow drift has a very detrimental
effect on the final contrast. Simulations indicate that a high-frequency jitter of up
to 100 nm PtV is acceptable, while low-frequency drifts should be limited to about
10 nm PtV. Preliminary simulations of advanced wavefront reconstruction with the
Pyramid WFS suggest that a drift of around 20 nm PtV is within reach (Hutterer et
al., 2018a). Although this would break the self-imposed requirement, it can be noted
that this amount of drift would still leave a large margin with respect to the top-level
requirement of 3 ˆ 10´5 at 5λ{D. Once again, a large part of the petal piston in the
SCAO residuals will appear at temporal frequencies that are at least partly averaged
out by ADI - the whole 20nm PtV does not show as a 1h-long sinusoid.

6.2.6 Non-common path aberrations

NCPA (beyond pure pointing errors, described in Sect. 6.2.4) are known to be a ma-
jor contributor to HCI performance budgets, and are supposed to be the limiting
factor to the performance of many state-of-the-art instruments. In order to mitigate
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FIGURE 6.15: Raw contrast (top) and ADI post-processed contrast
(bottom) for HCI performance in presence of variable piston between
the six ELT petals, for the case of piston jitter at 1 Hz, considering only

the contribution of AO residuals speckle noise.

the effect of NCPA on the METIS HCI performance, a common-path wavefront sens-
ing/correction technique, referred to as PSI (Codona et al., 2013) will be used. With
this algorithm, NCPA are sensed in real time using the data from the IMG camera
and the telemetry from the PyWFS, and fed back to the SCAO system for correction
through WFS slope modifications. In this situation, the NCPA measured by PSI are
transferred to the SCAO, which then operates around a non-zero wavefront error.
This may lead to a decrease in wavefront control performance for the SCAO. Here,
it is assumed that this decrease in performance can be efficiently mitigated, be it
by software or hardware (e.g., addition of a compensating phase plate in the SCAO
optical train), and only the direct consequences of NCPA on the coronagraphic per-
formance are studied. In order to simulate the influence of NCPA, we used a series
of Monte Carlo simulations of the wavefront aberrations between the tip of the pyra-
mid inside SCAO and the IMG-PP1 pupil plane, where the Lyot stops and APP are
placed inside the IMG camera. These simulations take into account the PDR-level
knowledge of the METIS optical train. An example of such an NCPA phase map is
show in Fig 6.16, and will be used in the rest of this section.

The presence of static NCPA at the level of the coronagraph is expected, because
PSI will only correct low-order wavefront aberrations. Here, it is assumed that PSI
will typically be able to measure and correct for spatial frequencies up to 10 cy-
cles per pupil, although this figure will depend on the fine tuning of the algorithm.
Fig. 6.17 shows the influence of static NCPA after filtering the low spatial frequen-
cies out of the NCPA map shown in Fig. 6.16. We also show the case where low
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FIGURE 6.16: Representative NCPA phase map between the SCAO
PYR and IMG-PP1, where the Lyot stops and APP are located.

spatial frequencies have not been filtered out, which would correspond to a case
where the PSI correction would fail. In order to simulate various amounts of static
NCPA, the NCPA map was rescaled to various RMS wavefront errors, ranging from
100 to 200 nm (the latter being significantly beyond what is expected for METIS).
This figure shows that, even though they create a purely static contribution to the
coronagraphic PSF, static NCPA would have a significant influence on the HCI per-
formance if they were not corrected by a common-path wavefront sensing method
like PSI. In order to provide a post-processed contrast smaller than the self-defined
requirement, the static NCPA level would need to be smaller than 150 nm RMS,
which is within reach based on the METIS preliminary design. Yet, in order to re-
duce the huge effect of NCPA on raw contrast, and to improve the performance in
terms of post-processed contrast, a common-path wavefront sensing technique like
PSI would definitely be useful. Once the low-order modes are removed by PSI, the
contribution of medium- to high-order NCPA to the HCI performance becomes com-
pletely negligible (even in terms of raw contrast) at the angular separation where the
contrast requirement is defined.

Based on the previous discussion, and assuming that PSI drives the low-order
wavefront aberrations to a flat wavefront on average (no significant bias in the cor-
rection), it can be stated that static NCPA will be mostly benign to the METIS HCI
performance. Dynamic (aka quasi-static) NCPA are more worrisome than static
NCPA, and are expected to largely affect HCI performance. While the METIS de-
sign should in principle minimise NCPA variations thanks to the gravity-invariant,
temperature-controlled, and mostly non-moving optical train (except for the chop-
per and the SCAO field selector and modulator), it can still be expected that NCPA
will vary to some level during the observations, e.g., because of chromatic variations
in the footprint of the beam on the optics.

Fig. 6.18 illustrates the simulated HCI performance in presence of NCPA varia-
tions during the entire ADI sequence. In order to create these NCPA variations, the
input NCPA map was rescaled with a sinusoidally varying factor that makes the rms
wavefront error in the rescaled map go from zero up to the value quoted in the leg-
end of Fig. 6.18, assuming a period of 1 h for the sinusoid (worst case scenario).1 It
is assumed here that PSI does a good job cancelling the static, low spatial frequency
part of the NCPA map, and that higher spatial frequencies have a negligible effect

1The mean PtV amplitude over time for the wavefront error measured at each individual pixel of
the pupil is a factor

?
2 smaller than the values quoted in the legend.
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FIGURE 6.17: Raw contrast (top) and ADI post-processed contrast
(bottom) for HCI performance in presence of various levels of static
NCPA on the HCI side (the dashed curves correspond to the same
NCPA maps as the solid curves, from which the low-order modes
up to 10 cycles per pupil have been removed.), considering only the

contribution of AO residuals speckle noise.

on the HCI performance as described above, so that the variable NCPA simulations
can be performed around a zero-mean NCPA map. The raw contrast shows a better
behaviour than the ADI 5σ contrast: on one side the ADI contrast is a 5σ, which
means that it can be up to 5 times higher than the raw contrast; on the other side we
could have a mean contrast of 1 ˆ 10´4 at a given separation, with locally brighter
(few times 10´4) speckles during part of the ADI sequence, that the classical ADI
cannot correct, because of this timescale. In order to preserve the self-defined con-
trast requirement of 3 ˆ 10´6 at 5λ{D, dynamic NCPA should have an amplitude
smaller than about 15 nm PtV. This could turn out to be a challenging specification
to meet, be it by design or by usage of PSI closed-loop control. The overall contrast
requirement (3 ˆ 10´5 at 0"1) would still be met with NCPA variations significantly
larger than the worst case simulated here (40 nm PtV). We conclude that the goal
NCPA stability should be 15 nm PtV over an hour but, recognizing that quasi-static
NCPA will be one of the most challenging contributors to address in the contrast
budget, NCPA variations up to 20 nm PtV can be tolerated. Although it is too early
to assess whether PSI on METIS will achieve this correction accuracy, preliminary
simulations suggest that this is within reach, especially for the long timescale con-
sidered here. In addition to exploring NCPA variations happening on the timescale
of the ADI sequence, more rapid NCPA fluctuations have been studied. For instance,
using a sinusoidal NCPA variation with a period 10 times smaller than the duration
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FIGURE 6.18: Raw contrast (top) and ADI post-processed contrast
(bottom) for HCI performance in presence of various levels of NCPA
drifts, with a timescale equal to the duration of the ADI sequence,

considering only the contribution of AO residuals speckle noise.

of the ADI sequence, the resulting ADI post-processed contrast improves by a fac-
tor around 2. This is another demonstration that the worst case scenario for noise
source is slow variations on the timescale of the ADI sequence. This also means that
the control bandwidth of PSI can be relatively low, down to about 0.01 Hz if needed,
which should allow very high signal-to-noise ratio to be built up on the NCPA mea-
surement.

6.3 Combination of effects

Tab. 6.1 summarises the results of this analysis, by showing the level of each effect
that would lead to an ADI contrast 10 times below the top-level contrast requirement
of 3 ˆ 10´5 at 5λ{D. The last column of the table presents the current best guess of
the level of each of these effects in METIS.

To conclude, we now present a preliminary estimation of how the contrast will be
impacted by a combination of all these effects, using the best guess for their nominal
value. We assume for these simulations a pupil with seven misaligned segments
under a nominal seeing of 0"65, with 2 mas RMS pointing jitter, 0.4 mas PtV of slow
pointing drifts, 20 nm PtV of NCPA drifts, and 2% PtV pupil drift. Because petal
piston is mostly associated to low spatial frequencies, it will also be sensed by PSI,
and is therefore counted inside the NCPA drift budget. In this simulation, all drifts
are assumed to happen at the worst possible timescale, i.e., similar to the duration
of the ADI sequence.
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FIGURE 6.19: RAVC PSF resulting from a combination of errors: 7
misaligned segments, 2 mas RMS pointing jitter, 0.4 mas PtV pointing
drift, 2% PtV pupil drift, and 20 nm PtV petal piston drift and NCPA

drift.

TABLE 6.1: Tolerable values for noise sources in L-band RAVC obser-
vations, in order to reach a post-processed contrast ten times smaller
than the top-level requirement. The last column gives the best guess

on the actual value for each effect.

units requirement/10 expected
seeing arcsecond ą0"95 0"65

pointing jitter mas RMS 2 ă 2
pointing drift mas PtV 0.4 „ 0.4

static NCPA (total) nm RMS 150 0 (low orders)
dynamic NCPA nm PtV 15 20

low-frequency petal piston nm PtV 10 20
misaligned segments N/A 7 0 or 7
input pupil stability PtV 3% 2%

The coronagraphic PSF associated to this simulation is illustrated in Fig. 6.19,
while the contrast performance is shown in Fig. 6.20. These simulations show that
the combination of all these effects leads to a final post-processed contrast that is
still compatible with the top-level requirement, although the margin is very small.
This performance simulation takes into account a set of seven misaligned segments.
Considering only the case where all mirror segments are properly aligned would
provide some margin with respect to the requirement.
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FIGURE 6.20: Raw contrast (top) and ADI post-processed contrast
(bottom) HCI performance in presence of a combination of effects:
7 missing segments, 2 mas RMS pointing jitter, 0.4 mas PtV pointing
drift, 2% PtV pupil drift, and a combination of NCPA and petal piston

drift with 20 nm PtV amplitude.
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Chapter 7

Scientific capabilities

By using the 1-h SCAO sequence with 300-msec sampling, we analyse the expected obser-
vational capabilities of METIS with respect to several known star-planets systems, such as
HR8799 and β Pic. In these simulations, the planets are inserted and processed through
ADI-PCA with an optimal number of principal components. With respect to a simple ADI
processing, the PCA-ADI delivers images with a clearer detection (whenever possible), and a
better aesthetic quality. The optimisation of principal components (PCs) is performed in VIP
by maximizing the signal-to-noise ratio (S/N) for a given location in the image, by running a
grid search varying the value of PCs and measuring the S/N for the given coordinates. These
simulations show the great potential of METIS to increase the sensitivity to faint companions
in the thermal infrared range.

7.1 Alpha Centauri

Alpha Centauri (α Centauri or α Cen) is the stellar system closest to our solar system,
being located at 1.35pc. It is composed of three stars: α Centauri A (Rigil Kentaurus),
α Centauri B (Toliman) and α Centauri C (Proxima Centauri), and contains at least one
planet.
α Centauri A and α Centauri B form the binary star system α Centauri AB. Both stars
are similar to the Sun, being of classes G and K. With the naked eye, they seem to
be a single star, with apparent magnitude of ´0.27, the third brightest in the sky
after Sirius and Canopus. α Centauri A is 1.1 solar mass star, while α Centauri B is
smaller (0.907 solar mass). α Centauri C is a red dwarf, much smaller than the other
two stars (only 0.15 solar mass) and much fainter (apparent magnitude of 11.05).
Proxima Centauri b (Anglada-Escudé et al., 2016), discovered in 2016 by Doppler
measurements (based on measurements from the High Accuracy Radial velocity
Planet Searcher (HARPS) and the Ultraviolet and Visual Echelle Spectrograph (UVES)),
is a small planet orbiting Proxima Centauri, with a period of 11.2 days. Being ob-
served only by radial velocity, only the minimal mass of the planet can be established
(1.27 Earth masses), while the radius should range between 0.8 and 1.4 Earth radii.
It is suggested to be an Earth-like planet, orbiting in the habitable zone of the star.
Even though the planet is quite close to the star (with a semi-major axis of about
0.0485 AU), the much fainter star would allow surface liquid water on the planet at
such small distance. However, considering the ultraviolet and x-ray flares from the
star, life conditions on the surface may be much more difficult than on Earth.

Recently, the possibility of a second planet has been proposed, after analysing
additional RV data from HARPS spectrograph (Damasso et al., 2020). This planet
would have a mass a few times the one of the Earth (minimum mass mc sin ic “

5.8 ˘ 1.9MEarth) and orbital period Pc “ 5.21years. Because of its large angular sepa-
ration from the star ( „ 1arcsec), this planet would be an excellent target for the next
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FIGURE 7.1: 5-σ detectability in terms of contrast for point-like com-
panions around αCen in 5h observing time. The two simulated plan-

ets are shown for comparison.

generation direct imaging instruments.
The Breakthrough Initiative (https://breakthroughinitiatives.org/) project was
launched in 2015 to study more closely the α Centauri system. This project is com-
posed of two parts: one on the ground, with existing telescopes, and the other in
space, with new satellites. The NEAR experiment (Kasper et al., 2017, Kasper et
al., 2019, Wagner et al., 2021) aims to demonstrate the possibility of directly imag-
ing low-mass planets with current state-of-the-art technology. In particular, the VLT
VISIR (Lagage et al., 2004) mid-infrared camera was upgraded with state-of-the-art
coronagraphs, a mid-infrared optimized AGPM and a shaped pupil (Carlotti et al.,
2012, Ruane et al., 2015), and moved to the UT4, where a deformable secondary mir-
ror enables adaptive optics. Using the data collected during the NEAR observing
campaign, a possible companion was identified by Wagner et al., 2021, with mass
simular to Neptune. Here, we focus on the detection capabilities of METIS in terms
of rocky planets.

TABLE 7.1: α Cen simulated planets summary (contrast level derived
from Des Marais et al., 2002).

Planet Simulation Observation
time [h]

Contrast
level

Separation
["]

SNR

b SCAO only 5 1.5 ˆ 10´7 0.8 5.26
b SCAO only 10 1.5 ˆ 10´7 0.8 5.65
b SCAO + combi-

nation effects
10 1.5 ˆ 10´7 0.8 3.26

c SCAO only 5 6 ˆ 10´7 0.4 7.08
c SCAO only 10 6 ˆ 10´7 0.4 7.75
c SCAO + combi-

nation effects
5 6 ˆ 10´7 0.4 3.82

Our simulations of rocky planet detection around α Cen were performed in N2
band (Nmag “ ´1.6) with the METIS vortex coronagraph (METIS VC), in 5h of
observing time, because with a temperature of „ 300K, the simulated planets are
barely emitting in L and M bands. Des Marais et al., 2002 predicted 0.4µJy for an

https://breakthroughinitiatives.org/
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FIGURE 7.2: α Cen planets ADI post-processed images in N2 band
with CVC (from top left to bottom right): planet b at 0.8” with
1.5 ˆ 10´7 constrast level in 5h of observing time (top, left), in 10h
of observing time with SCAO Residuals only (top, centre), and in 10h
observing time with a combination of effects (top right); planet c at
0.4” with 6 ˆ 10´7 constrast level in 5h of observing time (bottom,
left), in 10h of observing time with SCAO Residuals only (bottom,
centre), and in 5h of observing time with a combination of effects (bot-

tom right).

Earth analog at 10 pc at 11.25µm, which translates to 20µJy at 1.35 pc, with αCen A
having a flux of 130Jy. We can then simulate (i) hypothetic planet b, a Earth analog
in the habitable zone around αCenA at a distance of 1.1 AU (0.8”), with a contrast
level of 1.5 ˆ 10´7, and (ii) hypothetic planet c, twice as close at 0.55 AU (0.4”), with
a contrast level of 6 ˆ 10´7. The 5-σ detectability in 5h observing time is presented
in Fig. 7.1 for SCAO residuals only and combinations of effects, with the two planets
shown for comparison. The simulated ADI post-processed images are presented in
Fig. 7.2.

A planet with 1.5 ˆ 10´7 contrast level is barely detectable (SNR » 5, see Tab. 7.1)
in a 5h observing time, while with 10h the planet is slightly more straightforwardly
detected. However, when all effects (see Sect. 6.3) are included, the SNR for the
1.5 ˆ 10´7 with 10h observing time drops to 3.26 (with 5h, the planet is not visible),
making it even more difficult to detect (see Fig. 7.2). In this case, it would require a
planet about 1.4ˆ larger to allow a detection.
A closer planet at 0.4” with higher contrast level of 6 ˆ 10´7 is quite easily detected
in 5h (SNR of 7.08), but it is slightly drowned in the residual speckles when all effects
are included in the simulation (SNR = 3.82 with 5h observing time).

7.2 Beta Pic

Beta Pictoris (β Pic / β Pictoris) is an A-type star located at 19.4 pc from our Solar
System. It has a K-magnitude of 3.48, a mass M “ 1.75MSun and radius R “ 1.8RSun.
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FIGURE 7.3: β Pic planet ADI post-processed images in L band with
RAVC in 1h of observing time with 6.3 ˆ 10´4 constrast level at differ-
ent angular separation (top: 0.46”; centre: 0.13”; bottom: 0.05”;) with
SCAO only (left column) and with SCAO + combination of effects

(right column).

It is a quite young star („ 21Myr, Binks et al., 2014), best known for its circumstellar
disk (Smith et al., 1984). The star hosts two exoplanets (Lagrange et al., 2009, La-
grange et al., 2019): planet b has a mass of „ 8MJup, at „ 8AU; planet c has a mass
of „ 9MJup, at a distance of „ 2.7AU.
Planet b was simulated for a 1h observing time at L band (Lmag “ 3.4 for the star)
with the RAVC and a 6.3 ˆ 10´4 contrast level (Lagrange et al., 2019) at three an-
gular separations: (i) max separation, (ii) shortest separation measured to date, and
(iii) shortest separation that can be measured by METIS (see Fig. 7.3). At N2 band
(Nmag “ 3 for the star), the planet was simulated for a 1h observing time with CVC
and 1 ˆ 10´3 contrast level (Vandenbussche et al., 2010, Danielski et al., 2018) at max
separation, 0.46”, (see Fig. 7.4).

In all cases, the planet is very distinctly visible in the post-processed images (see
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FIGURE 7.4: β Pic planet ADI post-processed images in N2 band with
CVC in 1h of observing time with 1 ˆ 10´3 constrast level at 0.46”
angular separation with SCAO only (left) and with SCAO + combi-

nation of effects (right).

TABLE 7.2: β Pic simulated planets summary (contrast level derived
from Lagrange et al., 2019, Vandenbussche et al., 2010, Danielski et

al., 2018).

Observation
band

Simulation Contrast
level

Separation
["]

SNR

L band SCAO only 6.3 ˆ 10´4 0.46 42.63
L band SCAO + combi-

nation effects
6.3 ˆ 10´4 0.46 62.56

L band SCAO only 6.3 ˆ 10´4 0.13 13.69
L band SCAO + combi-

nation effects
6.3 ˆ 10´4 0.13 24.77

L band SCAO only 6.3 ˆ 10´4 0.05 9.18
L band SCAO + combi-

nation effects
6.3 ˆ 10´4 0.05 11.09

N2 band SCAO only 1 ˆ 10´3 0.46 10.17
N2 band SCAO + combi-

nation effects
1 ˆ 10´3 0.46 18.38

Fig. 7.3 and Fig. 7.4), with only a slight drop in the SNR when all effects are included
in the simulation (see Tab. 7.2). Even at the shortest angular separation measurable
from METIS, 50mas, the planet is still clearly detectable.

7.3 HR8799

HR8799 is an A5V star, located at 40.9pc from our Sun, in the constellation of Pe-
gasus. It is quite a young star („ 40Myr), with mass M “ 1.5MSun and 4.9 times
brighter than the Sun. The star hosts two dusty debris belts (Su et al., 2009, Zuck-
erman et al., 2011) and at least four giant exoplanets (Marois et al., 2008), detected
by high contrast infrared direct imaging. The four planets have masses between 7
and 10MJup, and they are located between 14 and 64 AU. A possible fifth exoplanet
at smaller angular separation (ă 10 AU) has been predicted (Goździewski et al.,
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FIGURE 7.5: HR8799 planets ADI post-processed images in L band
with RAVC in 1h of observing time with SCAO only (left) and with
SCAO + combination of effects (right): planet c with 1.6 ˆ 10´4 at
0.95” angular separation, planet d with 1.9 ˆ 10´4 at 0.66” angular
separation, and planet e with 1.9 ˆ 10´4 at 0.39” angular separation.

2014), but further studies (Currie et al., 2014, Defrère et al., 2014, Maire et al., 2015)
have failed to find it. A recent study (Thompson et al., 2023) has analysed archival
data, using a Bayesian modeling technique while compensating for plausible orbital
motion, and it presents a tentative candidate, with mass 4 ´ 7MJup at 4 ´ 5 AU.

FIGURE 7.6: 5-σ detectability in terms of contrast for point-like com-
panions around HR8799 in 1h observing time. The three planets are
shown for comparison. The candidate fifth planet, HR8799 f, could

also be easily detected.

Three of the four confirmed planets have been simulated in 1h observing time
in L band (Lmag “ 5.2) with RAVC (see Fig. 7.5). Planet b, at 1.72”, is well within
METIS FoV, but outside of our simulation FoV (which stops at 1.2”).
All planets are very easily detected, even when all effects are included in the simu-
lation (see Fig. 7.5). As it can be seen from Fig. 7.6, the contrast reached by METIS
would allow us to observe planets with similar contrast level much closer to the star:
if present, planet f (Thompson et al., 2023) will be easily detected.
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7.4 Radial velocity planets

Up to now, only the β Pictoris planetary system has been studied with both radial
velocity and direct imaging techniques, allowing a deep knowledge of its charac-
teristics. In the next section, we will show four planetary systems, well studied via
radial velocity, with fairly old planets, for which METIS will be able to deliver di-
rect imaging data, allowing to better constrain the theoretical models for these old
planets.
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7.4.1 HD128311

FIGURE 7.7: HD128311 post-processed ADI images (on the left,
planet b, with 6.9 ˆ 10´6 at 0.108” angular separation, and on the
right, planet c, with 2.7 ˆ 10´6 at 0.066” angular separation) in L band
with RAVC with SCAO only (top, in 1h observing time) and with
SCAO + combination of effects (center, in 1h observing time, and bot-

tom, in 5h observing time).

HD 128311 is a K0V star, located at 16.34 pc light years from the Sun. The star
hosts two exoplanets (Butler et al., 2003, Vogt et al., 2005), discovered by Doppler
measurements. HD 128311 b has mass M “ 2.18MJup and is located at 1 AU, while
HD 128311 c has mass M “ 3.21MJup at 1.76 AU.
The two planets have been simulated in 1h of observing time in L band (Lmag “ 5)
with the RAVC (see Fig. 7.7). The contrast levels were derived from Quanz et al.,
2015.

Planet b is very well detectable in 1h observing time when SCAO only is con-
sidered (SNR of 12.06, see Tab. 7.3), while planet c is barely visible (SNR of 3.20).
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When all effects are taken into account, planet b is not distinguishable in the resid-
ual speckles in 5h observing time (see Fig. 7.7). The detectability of these planets will
then mostly depend on the capability of METIS to reduce effects as NCPA or petal
piston, which are still fairly unknown.

7.4.2 HD87883

FIGURE 7.8: HD87883 post-processed ADI images in L band with
CVC in 5h of observing time with SCAO only (left) and with SCAO
+ combination of effects (right) with a contrast level of 8.8 ˆ 10´7 at

0.30” angular separation.

HD 87883 is a K0V star, located at 18.1 pc from the Sun. With an apparent mag-
nitude of 6.27 in the visible range, it is not visible to naked eye. The star has mass
M “ 0.82MSun and radius R “ 0.76RSun, and is aged „ 9.8 Gyr. The star hosts at
least one exoplanet, discovered by radial velocity (Fischer et al., 2009), with mass
M “ 1.78MJup, located at 3.6 AU.
The planet was simulated in 1h of observing time in L band (Lmag “ 5.2) with CVC
(see Fig. 7.8). The contrast level was derived from the literature (Fischer et al., 2009).

The simulated planet is clearly visible in 1h observing time when SCAO only
is considered, and fairly detectable when all effects are considered (see Fig. 7.8 and
Tab. 7.3), even though its SNR is slightly below 5. METIS is essentially background-
limited at these angular separations.

7.4.3 ϵ Eridani

ϵ Eridani is a K2V dwarf star, located at 3.2 pc from the Sun, with an apparent mag-
nitude of 3.73 in the visible range. The star is aged 200-800 Myr and hosts a complex
debris disk (Aumann, 1985, Walker et al., 2000), and a Jupiter-like planet (Hatzes
et al., 2000). The disk is composed of three rings: an inner belt at „ 3 AU, an in-
termediate belt at „ 20 AU, and a main ring between 35 AU and 90 AU. ϵ Eridani
b has a mass of 0.65MJ and it is located at 3.53 AU from the star, between the first
two belts, and it has an eccentricity of 0.055. Discovered by radial velocity, its orbit
is now pretty well constrained, although no direct detection was achieved to date
(Mawet et al., 2019, Llop-Sayson et al., 2021).
The planet has been simulated in 1h of observing time in M band (Mmag “ 1.69)
with the RAVC (see Fig. 7.9). The contrast level was derived from the literature
(Mawet et al., 2019, Pathak et al., 2021, Llop-Sayson et al., 2021).
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FIGURE 7.9: ϵ Eridani post-processed ADI images in M band with
the RAVC with SCAO only, in 1h observing time (top left), and 5h
observing time (top right) and with SCAO + combination of effects

(bottom, in 5h observing time).

The planet is marginally detected in 1 hour, and more clearly detected with a
longer observing time (see Fig. 7.9 and Tab. 7.3), including when all effects are taken
into account.

7.4.4 ϵ Indi A

FIGURE 7.10: ϵ Indi planet ADI post-processed images in N2 band
with the CVC with SCAO only, in 1h observing time (left), and with

SCAO + combination of effects (right).
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ϵ Indi is a star system, located at 3.6pc from our solar system. It is composed of
3 stars: a primary star, ϵ Indi A, and a brown dwarf binary system (ϵ Indi Ba and ϵ
Indi Bb). The primary star, ϵ Indi A, is a main-sequence star of spectral type K5V,
with an apparent magnitude of 6.89 in the visible range. It hosts an exoplanet, a gas
giant with 3.25MJ , located at 11.55AU (Endl et al., 2002, Feng et al., 2019), with an
eccentric orbit (0.26) and period of 45.2yr.
The planet has been simulated with the CVC in 1h observing time in N2-band (Nmag “

2.0), at its expected separation (1.07") during the last quarter of 2019 (Pathak et al.,
2021, Viswanath et al., 2021). The expected ADI post-processed images are presented
in Fig. 7.10, and the final SNR values in Table 7.3, showing a very clear and high SNR
detection.

7.5 Expected exoplanets yield

Based on the post-processed ADI contrast curves, it is possible to predict the ex-
oplanet yield from a direct imaging survey of nearby Sun-like stars with METIS
(Bowens et al., 2021). By using updated Kepler statistics for the exoplanet popula-
tion, the expected yield for small planets was obtained via Monte Carlo simulations
on eighteen target stars in three bands (L, M, and N2), observed for 1 hour.

FIGURE 7.11: Occurrence rates from the SAG13 report with contrast
curves in the N2 band for the top six candidates stars overlaid. The
numbers in each cell are the percent chance of a planet with that
radius-period combination appearing around a star. The lowest curve
implies the greatest chance of success. The curves shown here are for
the N2 band with SCAO effects only for a zero inclination, circular

system (from Bowens et al., 2021).

The first step is to generate a synthetic planet population, with known radii and
orbits. The occurance rate have been obtained from the NASA ExoPAG SA13 report
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(https://exoplanets.nasa.gov/exep/exopag/sag/), a meta-study of other Kepler
occurance rate studies. The parameter space of radius and orbital period is divided
into cells, each tested randomly. From a Poisson distribution, it is determined if the
planet is spawned. Radii and orbital periods are then assigned to the planet within
the cell, which is tested once per star. The average system contains 1.72 ˘ 1.11 plan-
ets. The eccentricity is assigned after defining the number of planets in the system
(see Van Eylen et al., 2019 for more details). The rest of the planet parameter are as-
signed either by estimation (inclination, true anomaly, and semi-major axis), either
by random generation (longitude of ascending node, argument of periapsis, mean
anomaly). The second step consists in generating the contrast curves considering
only the CVC at the 3 observing bands (L, M, and N2). Finally, for the sample selec-
tion, only nearby (up to 6.5pc) K5 stars are considered. This results in 18 candidates,
plus four condidated for a theoretical TMT northern hemisphere survey at a Hawaii
or La Palma site. By projecting the contrast curves into the Kepler occurance rate
grid, we can determine the star with the greatest chance of detection (see Fig. 7.11).
Additional Monte Carlo simulations are performed to determine an optimal observ-
ing plan, with multiple epoch observations (each star is re-observed in one month
intervals, up to 10 months), to maximize the yield.

FIGURE 7.12: Detected planets around the top five candidate stars for
the SCAO-only case with a 1 hour integration per star and only one
epoch observed. There is 71.1% chance of at least one detection in the

N2 band (from Bowens et al., 2021).

The results (see Fig. 7.12 and Fig. 7.13) show that there is a high chance (71.1%) of
at least one detection in N2 band. These percentages drop to 49.6% in M band, and
to 32.1% in L band. For SCAO-only simulations, the expected yield in N2 band is
1.14 planets, 0.66 planets in M band, and 0.38 planets in L band. When all effects are
considered, these results are quite different: 0.49 planets for N2 band, 0.14 planets
for M band, and 0.06 planets for L band. When all three bands are used for 1-hour
exposures, the expected yield increases to 1.41 planets for SCAO-only, and to 0.54
planets for all-effects case. Finally, when more observations are possible, the N2

https://exoplanets.nasa.gov/exep/exopag/sag/
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FIGURE 7.13: Percentages of detected planets based on observable
band(s) for the SCAO-only case with a 1 hour integration per star
and only one epoch observed. There is 42.1% chance of a detection in

two or more bands (from Bowens et al., 2021).

yield increases to 1.48 planets. By analysing the heat map of the expected observed
planets as presented in Bowens et al., 2021, the N2 band favours planets between 2 to
4 RC with temperatures from 250K to 400K. The M band has similar radius values,
but higher (400K to 700K) temperatures. Finally, L band peaks between 3 to 6 RC

with a wider temperature range (400K to 1000K).
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Chapter 8

Conclusions and perspectives

8.1 Conclusions

In this dissertation, we have presented the results of our work on the simulated im-
plementation and exploitation of the vortex coronagraph for the future high contrast
imaging instrument METIS on the ELT.

The first part of the manuscript introduced the science of exoplanets and the state
of the art detection methods. In Chap.1, we firstly presented the essential aspects
of exoplanetary science and the main detection methods. Indirect detection meth-
ods (see Sect. 1.3) can quite easily detect planets closer to quiet, old stars, giving a
good statistics for these objects; while direct methods (see Chap. 2) are less prolific,
but can detect planets orbiting farther and/or around younger stars, allowing, with
spectroscopy, a more complete analysis of the object spectrum. The complementar-
ity of the two techniques is essential for increasing our knowledge on planets, their
formation and evolution. Of course, finding a habitable planet, with biosignatures
compatible with life on Earth, is the not-so-hidden objective of the exoplanets com-
munity. The critical aspects of the detection methods were presented in Sect. 1.3 and
Chap. 2: technical features, observed exoplanets, advantages and disadvantages,
with a particular emphasis on the direct detection methods, which are the core of
this dissertation.

The second part was dedicated to the design of the coronagraphic modes used
in the ELT METIS instrument. Chap. 3 focused on the design and optimisation of
the vortex coronagraph (VC) for L, M, and N bands, which are the observational
wavebands for the METIS instrument. The latter was presented in Chap. 4, with its
principal high contrast imaging features. Aside the vortex coronagraph (VC), the
other coronagraphic modes foreseen for METIS are the ring-apodized vortex coron-
agraph (RAVC), and the apodized phase plate (APP). The three devices have already
shown their potential, but an optimised version, together with the increased poten-
tial of the ELT, will open a new observational space.

The third part is the core of this dissertation. Chap. 5 introduced the simu-
lation tools used for the end-to-end performance evaluation of the coronagraphic
modes of the METIS instrument. The end-to-end simulations are composed of three
major steps: (i) AO simulation to obtain residual phase screens, (ii) propagation
through the instrument high contrast imaging system, (iii) and finally the ADI post-
processing of a mock HCI data set, to get the final performance. The main metric
used to evaluate the HCI performance is the post-processed 5σ contrast, as defined
in Sect. 5.1.3. For each step, the computation time can become quite prohibitive: a
1-hour SCAO simulation with a sampling of few msec creates 360, 000 phase screens
in few days. In order to find the best compromise between computational time and
performance simulation, AO sequence duration and sampling have been optimized.
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The nominal performance (with only SCAO residual phase screens, and no instru-
mental effects) for L, M, and N bands were presented in Sect. 6.1. The three coron-
agraphic modes (CVC, RAVC, APP) were simulated in L, and M bands, while only
the CVC is considered at N band, to provide the highest possible throughput. The
instrumental and environmental parameters were reviewed in Sect. 6.2, with the L-
band RAVC nominal performance as reference. This study demonstrated that the
most detrimental effects are the slow variations of observations or misalignments
on the timescale of the ADI sequence, while higher frequency jitter largely aver-
ages out during post-processing. Static effects, such as misaligned segments, start
to have an effect at separations larger than 3λ{D, while other static effects, such as
low-frequency pointing drift, have an impact at shorter separations. Even though
the contrast is still acceptable (degradation by a factor 5 at 5λ{D, where the con-
trast requirement is defined), the best option will be to perform HCI observations
without misaligned segments. A final interesting analysis is when all instrumental
effects are combined (see Sect. 6.3). In this case, we have used the best guess for their
nominal values: a pupil with seven misaligned segments under a nominal seeing of
0"65, with 2 mas RMS pointing jitter, 0.4 mas PtV of slow pointing drifts, 20 nm PtV
of NCPA drifts (in which the petal piston drift are included), and 2% PtV pupil drift.
The simulation shows that the contrast requirement is still achievable, but with a
very small margin. We underline that some effects are still missing in our simula-
tions, such as water vapor turbulence, or some SCAO-specific effects, which could
decrease the performance, when added to the other effects. There is however also
room for improvement, as only the classical ADI postprocessing algorithm has been
used for the contrast curves, and more advances algorithms could sensibly amelio-
rate the result.

Finally, we have simulated the expected observational capabilities of the METIS
instrument in Chap. 7. A hypothetic Earth analog around α Cen b, with 1.5 ˆ 10´7

contrast at 0.8” separation, is above the detection threshold when considering only
SCAO residuals, for an integration time as short as 5h. However, it is drowned in
the residual speckles when all effects are considered. A closer planet at 0.4” with
higher contrast level of 6 ˆ 10´7 is more easily detected, even when all effects are
considered. β Pic planet b, simulated in L band at three different angular separa-
tions, and in N2 band at one angular separation, is clearly detected, even with all
instrumental effects considered. The HR8799 case shows that METIS would be able
to observe planets with similar contrast level ( 1 ˆ 10´4) much closer to the star. Ex-
cept for ϵ Indi A, whose planet is clearly detected even when all instrumental effects
are included, the other radial velocity planet-star system (HD128311, HD87883, and
ϵ Eridani) cases demonstrate that the detectability of such planets will mostly de-
pend on the capability of METIS to reduce instrumental effects, which are still partly
unknown.
Based on the estimated performance presented in this work, the METIS instrument
will provide a major leap in sensitivity to faint companions in the thermal infrared
regime. When compared to on-sky results on current large telescopes (Absil et al.,
2016), an estimated gain of a factor 100 to 1000 in terms of contrast at 0.1” will allow
the detection of planetary-mass objects around the snow line for stars up to 30 pc in
L band, and possibly rocky planets around closer stars in N band.
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8.2 Perspective

In order to improve the METIS exoplanet detection capabilities, other coronagraphic
solutions could be implemented, without modifying the optical train, by simply
adding a mask in a pupil plane (CFO-PP1, and/or LMS-PP1 and IMG-PP1) and/or
a focal plane (CFO-FP2).

8.2.1 Higher order vortex coronagraph: charge-4 and charge-6

FIGURE 8.1: Charge 2 (left), charge 4 (center) and charge 6 (right)
vortex coronagraphs representation (from Delacroix et al., 2014).

Bright stars, such as α Cen, will be partially resolved in the near-infrared by the
next generation giant telescopes, leading to reduced HCI performance. To mitigate
this effect and the intrinsic sensitivity to low order aberrations (tip-tilt, focus, coma,
astigmatism) of the charge 2 vortex phase mask, more advanced focal-plane masks
can be implemented. These devices are vortex phase masks where the topological
charge is higher than 2 (see Chap. 3).

As illustrated in Fig. 8.1, the subwavelength gratings needed to implement higher
charge vortex coronagraphs are not circularly symmetric. These theoretical grating
designs cannot be produced in practice, due to state-of-the-art manufacturing limita-
tions (e.g., there is a lower limit on the grating period due to the non-vertical grating
walls). Several surrogate designs have been proposed for its fabrication on a dia-
mond substrate (Delacroix et al., 2014).
Being similar to the VC2, these coronagraphs are two-stages devices: a phase mask
at the CFO-FP2 and a Lyot stop at the IMG plane. As for the VC2, the Lyot stop
is positioned after the pupil stabilization mirror, so it can be optimized to take into
account the spiders.
The corresponding PSFs are presented in Fig. 8.2, while the associated performance
will be discussed in Sect. 8.2.4.

8.2.2 Polynomial Apodized Vortex Coronagraph

As explained in Sect. 4.5.2, the starlight cancellation potential of the vortex corona-
graph (like many other coronagraphs) is very sensitive to the presence of a central
obscuration. In order to mitigate it, an apodizer can be implemented in an upstream
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FIGURE 8.2: Representative PSFs at L band for the VC2 (top), VC4
(center), and VC6 (bottom): perfect case (left) and long exposure tak-
ing into account SCAO residuals only (right). All images have been

cropped to a field-of-view of 100λ{D, i.e., 2”1 at L band.

pupil plane. The RAVC provides a good compromise for charge-2 vortex corona-
graph between starlight suppression and throughput. However, the extension of
the RAVC concept to higher topological charge impacts negatively the final perfor-
mance. In particular, the throughput rapidly decreases as the topological charge
increases. For a 30% central obscuration (without spiders nor segmentation), the
throughput of the RAVC2 is theoretically „40%, while it drops to „25% for a charge
4 RAVC (see Mawet et al., 2013b). A generalization of the RAVC is the PAVC (Polyno-
mial Apodizer Vortex Coronagraph, see Fogarty et al., 2014 and Fogarty et al., 2017):
it uses piecewise polynomial functions to optimize the contrast and keep a high
throughput even for higher topological charge vortex coronagraphs. For large cen-
tral obscurations (typically 30%), PAVC6 keeps a relatively high throughput („70%),
while PAVC4 drops to „50%, at the expense of the IWA („ 2λ{D for PAVC4 and
„ 4λ{D for PAVC6). The PAVC6 seems to be a good compromise for larger central
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FIGURE 8.3: PAVC6 mask.

obscurations.

FIGURE 8.4: Representative PSFs at L band for the PAVC6: perfect
case (left) and long exposure taking into account SCAO residuals only
(right). All images have been cropped to a field-of-view of 100λ{D,

i.e., 2”1 at L band.

Similarly to the RAVC2, the PAVC6 is a three-stage device: the apodizer at the
CFO-PP1, the vortex phase mask at the CFO-FP2, and the Lyot stop at the IMG plane.
As for the RAVC2, the Lyot stop is positioned after the pupil stabilization mirror, so
it can be optimized to take into account the spiders, while the apodizer is upstream
and it can only be optimized for the rotationally symmetrical pupil of the ELT (no
spiders optimization). The apodization mask for the ELT-METIS (without spiders
and segments) is presented in Fig. 8.3. The perfect PSF and the long exposure PSF
are presented in Fig. 8.4.

8.2.3 Lyot Plane Mask

Since both the RAVC2 and the PAVC6 apodizers are located upstream of the pupil
stabilization mirror, they cannot be optimized to take into account the detrimental ef-
fect of the spider arms. Without changing the optical train of the METIS instrument,
the only option to improve the contrast would be to optimize the Lyot Stop. For the
VC and RAVC/PAVC, the Lyot stop is an amplitude mask, without any apodization.
However, a phase apodization can be implemented (see Ruane et al., 2015). As for
the APP, this apodization can be designed to clear out the full FoV (Full LPM) or half
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FIGURE 8.5: Pupil phase masks (top) and representative PSFs at L
band for the VC2+LPM half FoV (left) and full FoV (right): perfect
case (center) and long exposure (bottom). All PSFs images have been

cropped to a field-of-view of 100λ{D, i.e., 2”1 at L band.

of it (Half LPM). The optimized masks, presented in Fig. 8.5, top row, were designed
to create a dark hole between 2 and 20λ{D (in order to remain inside the DM foot-
print). The optimization was performed in Matlab, using an iterative phase retrieval
algorithm. Being a phase mask, the throughput is virtually 100%, being limited only
by the amplitude Lyot stop, as for the VC2.

8.2.4 Performance

Using the 1-hour SCAO sequence, we simulated the L band performance of these
coronagraphic concepts.
Figures 8.6 and 8.7 show the raw contrast (top) and ADI contrast curves (bottom)
for the vortex coronagraphic concepts presented here: vortex coronagraph of charge
2 (VC2), 4 (VC4), and 6 (VC6), RAVC charge 2 (RAVC2), PAVC charge 6 (PAVC6),
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FIGURE 8.6: Raw contrast (top) and ADI contrast curve with SCAO
only (bottom) for VC2, VC4, VC6, RAVC2, PAVC6, VC2+LPM half

annulus, and VC2 + LPM full annulus observing modes at L band.

and the vortex coronagraph charge 2 with LPM with half (VC2+LPM half) and full
(VC2+LPM full) annulus dark hole. Fig. 8.6 presents the results for SCAO only sim-
ulations, while in Fig. 8.7, a combination of effects is considered.

TABLE 8.1: α Cen simulated planets summary (contrast level derived
from Des Marais et al., 2002).

Planet SCAO simulation Coronagraphic
mode

Contrast
level

Separation
["]

SNR

b SCAO only VC2 1.5 ˆ 10´7 0.8 5.65
b SCAO + combi-

nation effects
VC2 1.5 ˆ 10´7 0.8 3.26

b SCAO only PAVC6 1.5 ˆ 10´7 0.8 7.03
b SCAO + combi-

nation effects
PAVC6 1.5 ˆ 10´7 0.8 4.01

We can distinguish three zones in these graphs: one below 4λ{D, one between
4λ{D and 20λ{D, and one beyond 20λ{D. In the middle zone (4λ{D to 20λ{D), the
seven coronagraphic concepts have similar contrast, while in the other two zones
the results are a bit different. Beyond 20λ{D, as expected, the LPM concept sees a
drop in the performance, because of its intrinsic design (optimization between 2λ{D
and 20λ{D). Below 4λ{D, we can see that the PAVC6 shows the best behaviour,
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FIGURE 8.7: Raw contrast (top) and ADI contrast curve (bottom)
in presence of combination of effects for VC2, VC4, VC6, RAVC2,
PAVC6, VC2+LPM half annulus, and VC2 + LPM full annulus ob-

serving modes at L band.

with almost one order of magnitude better contrast performance with respect to
the other concept. At 5λ{D, where our requirement is defined, all coronagraphic
concepts are compliant. However, the goal requirement of 1 ˆ 10´6 at 2λ{D is never
reached: the PAVC6 is the closest, with 2 ˆ 10´6 with SCAO only, but this value
increases by 2 orders of magnitudes when a combination of effects is considered.
Each coronagraphic mode is more sensitive to different effects: for example, the
PAVC6 and RAVC2 are more sensitive to pupil drift.

The better performance of the PAVC6 can be outlined with the hypothetical Earth-
like planet around α Cen (see Tab. 8.1): the planet is clearly visible in the FoV (see
Fig. 8.8, top, and Fig. 8.9). However, barely any improvement can be seen when
a combination of effects is taken into account (see Fig. 8.8, bottom, and Fig. 8.9).
Again, this demonstrates that a better understanding and so a better control of the
instrumental effects would be extremely beneficial to the detection capability of the
METIS instrument.
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FIGURE 8.8: α Cen planet b ADI post-processed images in N2 band
with PAVC6 (left) and VC2 (right) in 10h of observing time at 0.8”
with 1.5 ˆ 10´7 constrast level with SCAO only (top) and in presence

of a combination of effects (bottom).

FIGURE 8.9: 5-σ detectability in terms of contrast for point-like com-
panions around αCen in 10h observing time for the VC2, and PAVC6
in presence of SCAO (solid lines), and combination of effects (dotted

lines). The two simulated planets are shown for comparison.
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